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In t roduc t ion  
I r r a d i a t i o n  of semiconductors wi th  high-energy r a d i a t i o n ,  e.g. , 
neut rons ,  gamma rays ,  and f a s t  e l e c t r o n s ,  in t roduces  vacancies  and i n t e r -  
s t i t i a l s  t h a t  d i f f u s e  through the  l a t t i c e  and combine w i t h  i m p u r i t i e s  o r  
o t h e r  de fec t s .  The Si-A c e n t e r  i s  c rea t ed  by the  a s s o c i a t i o n  of an i n t e r -  
s t i t i a l  oxygen atom wi th  a l a t t i c e  vacancy. The Si-E c e n t e r  i s  c rea t ed  
by t h e  a s s o c i a t i o n  of a l a t t i ce  vacancy wi th  a s u b s t i t u t i o n a l  phosphorous 
impuri ty .  The de fec t s  t h a t  a r e  formed from the  primary displacements  
depend upon the  oxygen content  of the  c r y s t a l ,  t h e  concent ra t ion  and type 
of dopant ,  the  temperature of the  i r r a d i a t i o n ,  and the  subsequent temper- 
a t u r e  of anneal ing a f t e r  t he  i r r a d i a t i o n .  Work c a r r i e d  ou t  under t h i s  
g r a n t  i s  intended to provide information about the  na tu re  of t hese  
d e f e c t s .  
of t h e  d e f e c t  and the  n a t u r e  of the i n t e r a c t i o n  of t he  d e f e c t  w i th  the  
l a t t i c e ,  p a r t i c u l a r l y  the  phonon-electron i n t e r a c t i o n .  
It i s  p a r t i c u l a r l y  important  t o  determine t h e  microscopic  n a t u r e  
A new technique has  been developed f o r  s tudying  these  d e f e c t s  
i nva lv ing  an a n a l y s i s  of t h e  recombination luminescence r e s u l t i n g  from 
e lec t ron-hole  recombination a t  the de fec t .  P a s t  s t u d i e s  have been 
c a r r i e d  out  of t he  e f f e c t s  of i r r a d i a t i o n  upon the  conduction mechanism 
of highly-doped semiconductors. This has  l e d  t o  an i n t e r p r e t a t i o n  t h a t  
t h e  mechanism of conduction involves  impuri ty  bands whose popula t ion  and 
wid th  can be va r i ed  by the  r ad ia t ion .  In orde r  t o  e s t a b l i s h  the  v a l i d i t y  
of t h i s  i n t e r p r e t a t i o n ,  i t  i s  necessary t o  determine d i r e c t l y  the  n a t u r e  
of t h e  impuri ty  bands. This  i s  being attempted by a technique involv ing  
t h e  tunnel ing  between a semiconductor and a superconductor.  
I 
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Recomb i n a t  ion  Luminescence 
Extensive measurements of the recombination luminescence of 
samples of n- and p-type s i l i c o n  have been made a t  7 7 ° K  and 6'K. Both 
Czochralski and f loat-zone grown material have been used i n  the  s tudy .  
I r r a d i a t i o n s  were made wi th  both C060 gamma rays  and wi th  f a s t  neut rons .  
This work forms the  b a s i s  of the  Ph.D. t h e s i s  of M r .  Robert Spry. 
Although i t  was a n t i c i p a t e d  t h a t  t h i s  t h e s i s  would be completed 
during t h e  l b s t  s i x  months, the  ex tens ive  a n a l y s i s  of the  d a t a  t h a t  were 
$;squired have delayed i t  somewhat. 
be submit ted f o r  f i n a l  approval  i n  the  next  month. 
It  i s  now near ing  completion and w i l l  
A s  a r e s u l t  of t h e  ex tens ive  n a t u r e  of t he  t h e s i s ,  a d e t a i l e d  d is -  
cussion of the  r e s u l t s  w i l l  no t  be included.  A couple of p o i n t s ,  n o t  
s p e c i f i c a l l y  r epor t ed  i n  previous s t a t u s  r e p o r t s ,  are of s u f f i c i e n t  i n t e r e s t  
t h a t  they w i l l  be mentioned here .  F igures  1 and 2 p re sen t  s p e c t r a l  d a t a  
taken a t  6'K on both p u l l e d  and float-zone grown s i l i c o n .  
t he  r e s u l t s  of f i v e  measurements on 100 ohm-cm n-type material fol lowing 
i r r a d i a t i o n  wi th  about 10 roentgens of CO gamma rays .  Severa l  f e a t u r e s  
of t h e  curves are c l e a r l y  reproduced i n  each of t hese  measurements. Of 
p a r t i c u l a r  i n t e r e s t ,  however, are those  f e a t u r e s  t h a t  are n o t  t he  same. 
The low energy p a t t e r n ,  extending between 0.65 and 0.80 e V ,  i s  i n i t i a l l y  
low immediately a f t e r  i r r a d i a t i o n ,  grows s u b s t a n t i a l l y  f o r  s e v e r a l  days 
and then g radua l ly  anneals  when the sample i s  maintained a t  room tempera- 
t u r e  f o r  t he  number of days ind ica ted .  A l l  of t hese  measurements were 
made r e l a t i v e  t o  t h e  nea r ly  constant  he igh t  of the  high-energy peak i n  
Figure 1 gives  
8 60 
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t he  spectrum a t  0.9707 e V .  I n  add i t ion ,  some of t he  d e t a i l e d  s t r u c t u r e  
annealed i n  t h e  low energy por t ion .  P a r t i c u l a r l y  n o t i c e a b l e  i s  the  s m a l l  
bump on the  high-energy s i d e  of the 0,7905 e V  peak t h a t  disappeared a f t e r  
a s h o r t  t i m e .  Figure 2 p re sen t s  some comparable d a t a  on f loat-zone grown 
material. There i s  a d i s t i n c t  change i n  the  background l e v e l  of t he  
luminescence fol lowing t h e  room temperature anneal of several days. 
These observa t ions  p o i n t  up t he  amount of d e t a i l  t h a t  can be  
obta ined  by measurements of t h i s  type.  Present  a c t i v i t i e s  i nc lude  a com- 
p l e t e  redes ign  of t he  experimental  equipment t h a t  w i l l  al low f o r  a 
g r e a t e r  s p e c t r a l  r e s o l u t i o n  of the luminescence d a t a  and wi th  the  possi-  
b i l i t y  of applying a u n i a x i a l  stress t o  the  sample a t  low temperatures.  
The l i q u i d  hel ium dewar has been modified. 
u t i l i z i n g  a h igh  s e n s i t i v i t y  PbS d e t e c t o r  and as an a l t e r n a t e  an InSb 
d e t e c t o r ,  has  been provided. Auxil iary equipment t o  allow d i r e c t  coupling 
of t h e  d a t a  system t o  t h e  CDC-1604 computer has  been designed and i s  being 
f a b r i c a t e d .  
A new d e t e c t o r  system, 
Pre l iminary  measurements of t he  recombination luminescence of 
i r r a d i a t e d  germanium are being i n i t i a t e d  wi th  the  previously-used equip- 
ment. No r e s u l t s  are y e t  ava i l ab le .  It i s  a n t i c i p a t e d  t h a t  s u b s t a n t i a l  
d a t a  w i l l  be  acquired during t h e  next  few months. 
Tunneling Conductance Measurements on p-Type S i l i c o n  
The e l e c t r o n i c  p r o p e r t i e s  of heavily-doped semiconductors,  which 
are of p a r t i c u l a r  importance f o r  device  a p p l i c a t i o n s ,  are no t  completely 
understood,  even f o r  germanium and s i l i c o n .  Measurements of e l e c t r i c a l  
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r e s i s t i v i t y  as a func t ion  of temperature f o r  donor o r  acceptor  concentra- 
t i o n s  approaching those  r equ i r ed  f o r  degeneracy ( i . e B ,  t h e  Fe rmi  l e v e l  
l ies a t  least a d i s t a n c e  kT i n t o  the  conduction o r  valence band) i n d i c a t e  
t h a t  low-temperature e l e c t r i c a l  conduction occurs  by motion of carr iers  
i n  concentration-broadened l e v e l s  ( i n  t h e  forbidden gap) der ived  from 
t h e  o r i g i n a l  donor o r  acceptor  s t a t e s .  
s epa ra t ed  i n t o  two types : "hopping" processes ,  r equ i r ing  thermal ac t iva -  
t i o n  and some degree of compensation, and "impurity-band" canduct ion , 
r e s u l t i n g  when overlap of impurity wavefunctions and screening  become 
important  enough t o  cause a t r a n s i t i o n  from l o c a l i z e d  impuri ty  states t o  
de loca l i zed  o r  t r a v e l i n g  wave s ta tes ,  and hence conduction wi th  no thermal 
a c t i v a t i o n  requi red .  The e l e c t r i c a l  measurements sugges t  t h a t  a s p l i t - o f f ,  
narrow impuri ty  band may e x i s t  i n  t h e  gap c l o s e  t o  the  conduction- ( o r  
valence-) band edge, and which merges wi th  the  conduction (valence)  band 
as t h e  concent ra t ion  inc reases  t o  t h a t  requi red  f o r  complete degeneracy. 
The r o l e  of t he  impuri ty  cen te r s  f o r  f u r t h e r  i nc reases  i n  concen t r a t ion ,  
a p a r t  from t h a t  of s c a t t e r i n g  the conduction (valence)  traveling-wave 
s ta tes ,  i s  n o t  known. 
t i o n s  i n  t h e  e l e c t r o n  d e n s i t y  of s ta tes  i n  the  reg ion  between t h e  band 
edge and t h e  Fermi l e v e l ,  i n  the p o s i t i o n  of t h e  Fermi l e v e l  as a func- 
t i o n  of concent ra t ion  and temperature,  and i n  t h e  energy-wave-vector 
d i s p e r s i o n  r e l a t i o n  may r e s u l t  from i n t e r a c t i o n  between the  c a r r i e r s  and 
the i m p u r i t i e s  
1 
The conduction processes  can be 
Some t h e o r e t i c a l  arguments2 suggest  t h a t  al tera- 
The f e a s i b i l i t y  of d i r e c t l y  measuring some of these  p r o p e r t i e s  i n  
t h e  reg ion  of h igh  doping, namely the  d e n s i t y  of states and the  F e m i -  
. I  4 
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l e v e l  p o s i t i o n  wi th  r e spec t  t o  the  band edge, by means of a m e t a l - s e m i -  
conductor tunnel ing  experiment,  has been inves t iga t ed .  The semiconductor 
chosen w a s  s i l i c o n  conta in ing  boron, f o r  which degeneracy occurs  a t  a 
doping of about lo1' 
as a metal-semiconductor con tac t ,  o r  Schottky b a r r i e r  diode. 3 y 4  
tunnel ing  con tac t  i s  formed on a freshly-cleaved [111] s i l i c o n  p lane  by 
a p p l i c a t i o n  of a c l ean  p o i n t  of indium wire. The indium flows under an 
appl ied  f o r c e  t o  form a mechanically-firm cold weld t o  the  s i l i c o n  which 
wi ths tands  temperature cyc l ing  t o  4 'K .  
from about 0.5 mm t o  about 0.01 mm . The con tac t s  are formed i n  t h e  
a i r ,  so  t h a t  the  su r faces  are covered wi th  adsorbed gases .  The thermal 
oxida t ion  rate of s i l i c o n  a t  room temperature i s  s u f f i c i e n t l y  small5 t h a t  
a n e g l i g i b l e  th ickness  of oxide develops. Thus, t h e  con tac t s  cont inue t o  
behave e l e c t r i c a l l y  as Schot tky b a r r i e r s .  
The tunnel ing conf igu ra t ion  i s  b e s t  descr ibed  
The 
Contact areas have been v a r i e d  
2 2 
The theory of tunnel ing  i n  such a metal-semiconductor con tac t  has  
r e c e n t l y  been descr ibed.  A p o t e n t i a l  b a r r i e r  ( t h e  Schottky b a r r i e r )  i s  
formed i n  t h e  semiconductor under the  con tac t  by t h e  t r a n s f e r  of carriers 
from the  region of t h e  bulk  nea r  the  s u r f a c e  t o  s u r f a c e  s ta tes .  6,7 
s o l u t i o n  of Poisson ' s  equat ion  assuming the  t o t a l  dep le t ion  of t h e  
material nea r  t h e  s u r f a c e  g ives  a p a r a b o l i c  p o t e n t i a l  v a r i a t i o n  proceeding 
inward from the  su r face .  
The 
394 
For t h e  case of p-type s i l i c o n ,  t he  energy of t h e  valence-band edge 
r e l a t i v e  t o  i t s  p o s i t i o n  i n  the  bulk ,  as a func t ion  of t he  d i s t a n c e  z from 
t h e  s u r f a c e  i s  g iven  by 
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(1) 
2 2 
Ev(z) = - ( 2 ~  ehfA/eo)(z-d) 
i n  which 
(2) 
d = (B+EF-V)1/2/(2nNe 2 / e o )  1 / 2  
t ransmiss ion  f a c t  
T = e x p ( - 2 1 Z ( U ) l ~  
4 e x a c t l y ,  g iv ing  
0 
T =  
i n  which 
2 
0 
E 
and t h e  symbols have the  following meaning: N i s  the  concent ra t ion  of 
acceptors  i n  cm , E i s  the  s t a t i c  d i e l e c t r i c  cons t an t  (11.8 f o r  s i l i c o n ) ,  
e i s  t h e  e l e c t r o n  charge,  E i s  the p o s i t i o n  of t he  Fermi l e v e l  i n  t h e  
valence band, aga in  measured down from t h e  (bulk)  valence-band edge, V i s  
the  appl ied  b i a s  vo l t age  ac ross  the d e f l e c t i o n  l a y e r ,  wiph s i g n  such t h a t  
p o s i t i v e  V s u b t r a c t s  from t h e  t o t a l  energy v a r i a t i o n ,  which i s  IEV(0)  I ,  
and B i s  the  energy of t he  valence-band edge a t  t h e  su r face  measured down 
from t h e  Fermi  l e v e l .  
A 
-3  
0 
F 
The process  of i n t e r e s t  i s  t h e  tunnel ing  of c a r r i e r s  i n t o  t h e  s i l i -  
con bu lk ,  i .e. ,  ho le s  loca t ed  i n  energy between t h e  bulk  valence-band edge 
and Fermi energy,  ou t  t o  t h e  metal. For a p o s i t i v e  ho le  having energy u 
i n  t h e  valence band measured from t h e  bulk  valence-band edge, -E (2)-u 
r e p r e s e n t s  a p o t e n t i a l  b a r r i e r ,  which must be tunneled through. The 
v 
r ,  i n  the  WKB approximation, f o r  t h i s  b a r r i e r ,  i .e . ,  
dz) , i n  which 1KI2  = (2m /*) [-EV(z)-u], can b e  ca l cu la t ed  * 
2 2  * =?I re NA/m c0 
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* 
and the  symbols R = J(B+EF-V-u)’ and R = /- are used. Here, m 
i s  t h e  e f f e c t i v e  mass of t h e  tunnel ing  holk. An important  f e a t u r e  of 
Schottky b a r r i e r  tunnel ing ,  namely t h e  b ias -vol tage  dependence of t h e  
t ransmission f a c t o r ,  i s  ev ident  i n  t h i s  express ion .  For u = 0 ,  and V <( B 
one f i n d s  approximately 
U 0 
T = exp[-(B+EFO/Eo]exp(V/E 0 ) (5) 
showing the  exponent ia l  i nc rease  of T f o r  forward b i a s  V. Also,  t he  
bias-independent f a c t o r  of t he  t ransmission f a c t o r  exp[-(B+E ) /E  ] depends 
on the concent ra t ion  N through the  parameter E . 
F o  
A 0 
Figures  3 and 4 show measured l iquid-helium temperature d i f f e ren -  
t i a l  conductance di/dV curves f o r  p-type s i l i c o n  sgmples conta in ing  
1 . 2  x 10 cm and 4.4 x 10’’ boron. The s t r a i g h t - l i n e  behavior  
observed f o r  p o s i t i v e  b i a s  V i n  these  semilogari thmic p l o t s  i s  i d e n t i f i e d  
w i t h  the  exponent ia l  i nc rease  of the t ransmiss ion  f a c t o r  expec ted  from 
Eq. 5. Fur the r ,  the s lopes  of l o g  di/dV E V determine the  parameter E 
g i v i n g  42 meV and 69 meV f o r  t h e  1 . 2  x 10 -sm and 4.4 x 10 -cm 
samples. These values  are c l o s e  t o  va lues  of E ca l cu la t ed  from t h e  de f i -  
n i t i o n  ( 4 ) ,  i f  one assumes an e f f e c t i v e  mass m = 0,23 ,  c lose  t o  the  
measured l i g h t  ho le  mass of 0.16 f o r  s i l i c o n .  The b i a s  v o l t s g e  a t  which 
t h e  minimum i n  conductance di/dV occurs i s  expected from t h e  work of 
Conley, e t  a l . 4  t o  measure E 
valence-band edge. A s  a rough check of t he  concent ra t ion  dependence of 
t h e  t ransmiss ion  f a c t o r ,  t h e  va lue  of di/dV a t  the  minimum, put  on a uni t -  
contac t -a rea  bas iS  by v i s u a l l y  es t imat ing the  contac t  areas under nominal 
19 -3 
0’ 
19 -3 19 -3 
0 * 
t he  Fermi l e v e l  as measured from t h e  bulk F’ 
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magnif ica t ion ,  has  been compared f o r  samples of varying acceptor  concen- 
t r a t i o n  N From Eqs. 4 and 5 ,  the logar i thm of t h e  t ransmiss ion  f a c t o r  
T should vary l i n e a r l y  wi th  t h e  inverse  square r o o t  of t h e  acceptor  concen- 
t r a t i o n  NA. This behavior  i s  observed, and i s  shown i n  Fig.  5. From t h e  
s lope  of t h i s  p l o t ,  and the  va lue  of E o ,  69 meV determined from t h e  s lope  
of the  log  di/dV-x-V p l o t  i n  Fig. 4 ,  one g e t s  an estimate f o r  t he  b a r r i e r  
h e i g h t  B of 0.29 v o l t .  This approximate va lue  i s  c lose  enough t o  t h e  
l i t e r a t u r e  value7 B = 0 . 3 ,  E 
f idence  i n  t h e  Schot tky b a r r i e r  model. 
A' 
= 0 . 3 3  e V  f o r  s i l i c o n  t o  g ive  one some con- 
0 
S t r u c t u r e  a t  zero b i a s  corresponding t o  t h e  superconducting energy 
gap i n  the indium appears when the samples are cooled below 3 .41"K,  t h e  
c r i t i c a l  temperature.  An example of t h i s  i s  shown i n  Fig.  6 ,  a t r a c i n g  
of t h e  d i r e c t  x-y r eco rde r  p l o t  f o r  the  4 . 4  x 10 -cm sample a t  a 
temperature near  2'K. 
magnetic f i e l d ,  r evea l ing  no o ther  kind of zero-bias anomaly. The s t r u c -  
t u r e  i n  Fig. 6 a t  about 60 mV i s  genuine and i s  shown i n  g r e a t e r  d e t a i l  
i n  Fig.  7. It i s  t e n t a t i v e l y  i d e n t i f i e d  as a polaron  e f f e c t  by i t s  
proximity t o  the  k = 0 phonon of energy 6 3 . 1  m i l l i v o l t s  and i t s  s i m i l a r i t y  
t o  polaron  anomalies i n  o t h e r  ma te r i a l s  i d e n t i f i e d  by Conley and Mahnn. 
19 -3  
This  s t r u c t u r e  can be ex t inguished  by an app l i ed  
4 
The degree t o  which t h i s  t y p e  of experiment can be used t o  deduce 
t h e  dens i ty-of -s ta tes  func t ion  i n  the  v i c i n i t y  of t h e  band edge of s e m i -  
conductors  i s  n o t  clear a t  present .  4'8'9 
b i a s  i n  Figs .  3 and 4 i s  thought c e r t a i n l y  t o  r e f l e c t  i n  some way the  
va lence  dens i ty  of s ta tes ,  b u t  the observed r ise  i s  n o t  p ropor t iona l  t o  
The r ise of difdV t o  nega t ive  
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the  square r o o t  of t h e  b i a s  measured from the  p o s i t i o n  of t h e  di/dV mini- 
mum as would be expected i f  di/dV were p ropor t iona l  t o  t h e  d e n s i t y  of 
s t a t e s  i n  t h e  sdrhplest band p i c tu re .  
r eve r se  b i a s  i s  nea r ly  l i n e a r  i n  vol tage  f o r  samples  shown i n  F igs .  3 
and 4. 
The observed rise of di/dV f o r  
It i s  thought from t h e  prel iminary work r epor t ed  t h a t  t h e  method 
does hold cons iderable  promise f o r  s tudying  t h e  e l e c t r o n i c  p r o p e r t i e s  of 
p-type s i l i c o n  f o r  concent ra t ions  very c lose  t o  and exceeding t h a t  
requi red  f o r  degeneracy. 
Minority Carrier Li fe t imes  I r r a d i a t e d  S i l i c o n  
No work i s  p r e s e n t l y  underway i n  t h i s  a rea .  A manuscript  based upon 
the  Ph.D. t h e s i s  of D r .  Ralph Hewes has  been prepared and submit ted t o  t h e  
Jou rna l  of Applied Physics.  A copy of t h i s  manuscript  i s  a t t ached  t o  t h i s  
r e p o r t .  
Pe  rs onne 1, 
D r .  E. L. Wolf, M r .  Robert Spry,  M r .  Colin Jones ,  and M r .  E r i c  
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Figure 1. Recombination luminescence i n  gamma ray 
i r r a d i a t e d  n-type Czochralski grown 
s i l i c o n .  
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Figure 2.  Recombination luminescence i n  i r r a d i a t e d  
n-type f loa t -zone  grown s i l i c o n .  
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Figure 3 .  Tunneling conductance f o r  indium - p-type 
s i l i c o n  e o n t a c t  a t  4.2OK. The s i l i c o n  
conta ins  1.2 x boron. The va lue  
E 
byas V. 
i s  der ived  from t h e  s lope  f o r  p o s i t i v e  
Indium on silicon: 4.4 x 10’’ cm-3 Boron 
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Figure 4 .  Tunneling conductance f o r  indium on 
s i l i c o n  conta in ing  4.4 x 1019 cm-3 
boron a t  a temperature nea r  2’K. 
p o s i t i o n  of t he  di/dV minimum i s  
complicated by t h e  a d d i t i o n a l  s t r u c t u r e  
a t  64 meV ( see  Fig. 7) b u t  one can 
estimate E = 50 m i l l i e V .  
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Figure 5 .  The r e c i p r o c a l  of the  tunnel ing  conductance p e r  u n i t  contac t  
F area a t  4.2OK and b i a s  vo l t age  equal  t o  the  Fermi level E i s  p l o t t e d  aga ins t  the  inve r se  equare roo t  o t he  cceptor  
t h r e e  d a t a  p o ' n t s  shown from l e f t  t o  r i  h t  correspond t o  
NA = 4.4 x loi9 
and 4.7 x 1OI8 r e spec t ive ly .  A s t r a i g h t  l i n e  as 
observed i s  expected from Eqs. (4) and (5) i f  t he  e f f e c t i v e  
mass, m , is  independent of concent ra t ion  N The va lue  
B = 0.29 e V  i s  obtained from the  s lope  and &e value  E 
concent ra t ion  N normalized t o  No = 4.4 x 10 €9 cm -9 . The 
and 4.7 x 1 O I 8  cm-5, 1 . 2  x ~ m ' ~  
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= 69 
m i l l i e V  measured on the  4.4 x 10'' cm-3 contac ts .  0 
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Figure 6 .  D i f f e r e n t i a l  conductance a t  pumped 
helium temperature f o r  N - 4.4 x lo1' ~ m ' ~  
sample, showing superconAd;cting s t r u c t u r e  
a t  zero b i a s  and anomalous s t r u c t u r e  a t  
64  meV. 
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Figure  7. Detail  of anomalous s t r u c t u r e  i n  di/dV near 
64  meV i n  4.4  x 10’’ cm-3 sample. 
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Abs t r ac t  
Photoconduct iv i ty  decay measurements on a w i d e  v a r i e t y  
of s i l i c o n  c r y s t a l s  (boron and phosphorus doped, 'Czochralski and 
f l o a t  zone grown, 205 p 5 2 0 0  ohm-cm) i r r a d i a t e d  w i t h  Co60 gamma 
r a y s  i n d i c a t e  t h a t  a s e p a r a t e  system of l e v e l s  c o n t r o l s  t h e  r ad ia -  
t i o n  induced l i f e t i m e  i n  n- and p-type specimens. I n  n-type 
m a t e r i a l  t h e  i n t r o d u c t i o n  r a t e s  f o r  two recombination a c t i v e  
d e f e c t s  ( t h e  A c e n t e r  and a deeper l e v e l )  were seen t o  be n e a r l y  
independent of oxygen and donor concen t r a t ions  i n  t h e  range en- 
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encountered i n  t h e  experiment, while t h e  i n t r o d u c t i o n  r a t e  of a 
second deep l e v e l ,  t h e  E c e n t e r  (vacancy-phosphorus p a i r )  was 
seen t o  be i n h i b i t e d  by t h e  presence of oxygen, and t o  i n c r e a s e  
wi th  inc reas ing  donor concent ra t ions .  The behavior of t h e  l i f e -  
t i m e  was s t u d i e d  a f t e r  t he  samples were annealed, and i t  was 
found t h a t  a shallow l e v e l  0 .23  e V  from t h e  conduction band edge 
was introduced. Hole cap tu re  c ros s  s e c t i o n s  f o r  t h e  two deep 
l e v e l s  were obtained from H a l l  and l i f e t i m e  measurements. I n  
p-type material recombination l e v e l s  a t  E + 0.18 e V  and Ec - 
0 . 3  eV were in t roduced  by i r r a d i a t i o n .  The i n t r o d u c t i o n  ra te  of 
t h e  l e v e l  n e a r e s t  t h e  conduction band was s t r o n g l y  i n h i b i t e d  by 
t h e  presence of oxygen and dominated t h e  l i f e t i m e  only i n  f l o a t  
zone matcirial. Low temperature annea l ing  was seen  t o  occur i n  
t h e  d e f e c t s  having l e v e l s  a t  Ec- 0 . 3  eV wi th  the  subsequent 
c r e a t i o n  of d e f e c t s  w i t h  l e v e l s  a t  E + 0.18 e V  i n  some m a t e r i a l s .  
I n  o t h e r  materials a second type o f  d e f e c t s  w i th  l e v e l s  a t  E - 
0 . 3  e V  were c r e a t e d ,  while i n  same m a t e r i a l s  a simple annea l ing  
wi th  no c r e a t i o n  of new d e f e c t s  was found. 
V 
v 
C 
3 
I. INTRODUCTION 
Various experiments on e l ec t ron -  and gamma-irradiated s i l i c o n  
have y i e lded  much information about t he  d e f e c t s  c r ea t ed  by i r r a d i a t i o n .  
have been used  t o  l o c a t e  t h e  p o s i t i o n s  of t h e  energy Ha l l  measurements 
l e v e l s  of d e f e c t s  t h a t  can remove c a r r i e r s  from t h e  conduction and va lence  
bands (provided t h e  l e v e l s  l i e  i n  the same h a l f  of t h e  forbidden gap a s  
t h e  Fermi l e v e l ) .  E lec t ron  s p i n  resonance experiments have been u s e f u l  
i n  determining t h e  symmetry of some of t hese  d e f e c t s ,  w i t h  t h e  r e s u l t  
12-  14 
t h a t  models have been proposed f o r  t h e i r  s t r u c t u r e .  
1-11 
Li fe t ime  measurements which have t h e  p o t e n t i a l  o€  r e v e a l i n g  the  
p o s i t i o n  of recombination l e v e l s  which l i e  i n  t h e  oppos i t e  h a l f  of t h e  
gap from t h e  Fermi l e v e l ,  as w e l l  as those  i n  the  same h a l f ,  have been 
used i n  many experiments,  11y15-21 but t h e r e  i s  l i t t l e  agreement i n  t h e  
r e su l t s .  
materials w i t h  l a r g e  amounts of d e f e c t s ,  poss ib ly  a s  many l i f e t i m e s  a s  
techniques ,  s i n c e  some methods a r e  dependent upon s u r f a c e  o r  j u n c t i o n  
e f f e c t s  t o  a g r e a t  degree ,  and o the r s  more s e n s i t i v e  t o  t r app ing  e f f e c t s .  
Prev ious  experiments have u s u a l l y  only i n v e s t i g a t e d  a small  range of 
donor/acceptor and oxygen concent ra t ions ,  and few measurements have used 
t h e  same technique, so t h a t  a l a r g e  amount of u n c e r t a i n t y  e x i s t s  about 
t h e  e f f e c t s  of t h e  above mentioned i m p u r i t i e s  (or  of o the r  i m p u r i t i e s ,  
such as ch lor ine23)  upon t h e  r a d i a t i o n  induced recombination l e v e l s  i n  
s i  l i c o n  . 
There are  many techniques t o  measure t h e  l i f e t i m e , 2 2  and i n  
Th i s  experiment t h e r e f o r e  used samples encompassing a r e l a t i v e l y  
wide range  of r e s i s t i v i t y ,  both boron and phosphorus doped, w i th  both 
4 
Czochralski (pu l led)  and f l o a t i n g  zone grown (FZ) c r y s t a l s ,  t o  determine 
t h e  e f f e c t s  of c o b a l t  60 gamma r a y s  upon t h e  l i f e t i m e  as measured by t h e  
photoconduci tv i ty  decay method. Of p a r t i c u l a r  i n t e r e s t  were t h e  recom- 
b i n a t i o n  l e v e l  p o s i t i o n s ,  and t h e  dependence of t h e  r a d i a t i o n  induced 
l i f e t i m e  upon t h e  boron, phosphorus, and oxygen concen t r a t ions ,  and t h e  
annea l ing  behavior of t h e  recombination c e n t e r s .  
I n  n-type m a t e r i a l ,  where prev ious  i n v e s t i g a t i o n s  had i n d i c a t e d  
t h a t  t h e  recombination l e v e l s  were due t o  A cen te r s24  ( s u b s t i t u t i o n a l  
oxygen wi th  an energy l e v e l  0.17 e V  below t h e  conduction band edge) and 
E c e n t e r s  (phosphorus atom wi th  a vacancy as a n e a r e s t  neighbor,  t h e  
energy l e v e l  0.47 eV below t h e  conduction band edge),  H a l l  e f f e c t  measure- 
ments were made t o  determine t h e  l e v e l  p o s i t i o n s  independently,  a s  w e l l  
a s  t o  o b t a i n  t h e  d e f e c t  i n t roduc t ion  ra tes  f o r  u se  i n  t h e  de te rmina t ion  
of t h e  cap tu re  c r o s s  s e c t i o n s  of the  d e f e c t s  f o r  ho le s .  
11. THEORETICAL BACKGROUND 
Recombination of e l e c t r o n s  and h o l e s  through a s i n g l e  set  of 
monovalent d e f e c t s  was f i r s t  t r e a t e d  by H a l l , 2 5  and Shockley and Read, 
who obta ined  t h e  fo l lowing  s o l u t i o n  f o r  t h e  l i f e t i m e ,  v a l i d  f o r  s teady-  
26 
s t a t e  cond i t ions  and smal l  excess c a r r i e r  d e n s i t i e s :  
-1 
-  -1 = (T Nv = l i f e t i m e  of holes  i n  h ighly  n-type m a t e r i a l ,  T 
= l i f e t i m e  of e l e c t r o n s  i n  highly p-type m a t e r i a l ,  N i s  t h e  concen- 
no where T 
“‘nun 
t r a t i o n  of recombination c e n t e r s ,  v and v a r e  t h e  ho le  and e l e c t r o n  
P O  P P  
P n 
5 
thermal v e l o c i t i e s ,  r e s p e c t i v e l y ,  0 
of the  recombination c e n t e r  f o r  holes and e l e c t r o n s ,  no and p 
thermal equi l ibr ium concen t r a t ions  of f r e e  e l e c t r o n s  and ho le s ,  and n1 and 
p a r e  u s u a l l y  def ined  a s  t h e  thermal equ i l ib r ium concen t r a t ions  of 
e l e c t r o n s  and ho le s  when t h e  Fermi l e v e l  l ies a t  t h e  recombination c e n t e r  
energy l e v e l  (nl = Nc exp[ (Er- Ec)/kT], p1 = Nv exp[ (Ev-Er)/kT], Nc and 
N a r e  t h e  e f f e c t i v e  d e n s i t i e s  of s t a t e s  i n  t h e  conduction and va lence  
bands, and Er ,Ev,  and E 
t h e  energy l e v e l s  of t h e  va lence  and conductor band edges, r e s p e c t i v e l y ) .  
and on a r e  t h e  c a p t u r e  c r o s s  s e c t i o n s  
P 
a r e  t h e  
0 
1 
V 
a r e  t h e  energy l e v e l s  of t h e  recombination c e n t e r ,  
C 
It should be poin ted  ou t  t h a t  t h e  foregoing  d e f i n i t i o n  of n1 and 
p1 does no t  t ake  i n t o  account t h e  f a c t  t h a t  t h e  ( e l ec t ron )  occupied s t a t e  
of t h e  recombination c e n t e r  con ta ins  only one more e l e c t r o n  than t h e  
unoccupied s t a t e .  Because of s p i n  degeneracy, t h e  e l e c t r o n  t h a t  i s  added 
t o  f i l l  t h e  l e v e l  i s  assumed t o  go i n t o  an o r b i t a l  which may o r  may n o t  
a l r e a d y  con ta in  another  e l e c t r o n .  I f  t h e  o r b i t a l  con ta ins  another  elec- 
t r o n ,  then  t h e  l e v e l  can be  f i l l e d  i n  only one way ( sp in  oppos i t e  t o  t h a t  
of t h e  o the r  e l e c t r o n ) ,  b u t  can b e  emptied i n  two ways ( lo s ing  e i t h e r  a 
spin-up o r  spin-down e l e c t r o n )  so t h a t  t h e  r a t i o  of t h e  degenerac ies  of 
t h e  f u l l  t o  t h e  empty l e v e l  i s  2 .  Likewise, i f  t h e  o r b i t a l  does n o t  
c o n t a i n  an e l e c t r o n ,  i t  can be f i l l e d  i n  two ways but  emptied only  i n  one, 
so t h a t  t h e  degeneracy r a t i o ,  w, i s  now 1/2. Thus, a f a c t o r  of w should 
b e  inc luded  i n  t h e  d e f i n i t i o n  of nl. 
t h e  foregoing  argument, i t  can be shown t h a t  a f a c t o r  of l / w  should be 
used i n  t h e  d e f i n i t i o n  of pl. 
I f  t h e  ho le  formalism i s  employed i n  
S a n d i f ~ r d , ~ ~  and Wertheim” showed t h a t  under cond i t ions  of 
s m a l l  recombination c e n t e r  concent ra t ions  , t h e  Shockley-Read (SR) r e s u l t  
6 
\ 
w i l l  be v a l i d  f 0 r e a n s i e n . t  cond i t ions  such a s  a r e  found i n  photoconduc- 
t i v i t y  decay experiments. 
d e f e c t  concen t r a t ions  t h e  n e t  l i f e t i m e ,  T, i n  t h e  presence  of 2 sets of 
monovalent d e f e c t s  w i l l  be g iven  by 
Wertheim a l s o  showed t h a t  f o r  smal l  enough 
Where t h e  l i f e t i m e  T~ i s  t h e  SR l i f e t i m e  f o r  t h e  i t h  s e t  of d e f e c t s .  
The equa t ion  most probably a p p l i e s  f o r  j > 2 ,  provided none of t h e  c e n t e r s  
ac t  a s  t r a p s  f o r  an apprec i ab le  f r a c t i o n  of t h e  minor i ty  c a r r i e r s .  
Wertheim a l s o  considered t h e  case  of t r app ing ,  by s e t t i n g  0 
of t h e  two l e v e l s  t o  zero ,  and obtained t h e  r e s u l t  t h a t  Eq. (2) does no t  
hold. Th i s  s u b j e c t  has r e c e n t l y  been ex tens ive ly  t r e a t e d  by Streetman. 
Nomura and Blakemore3' have given a c r i t e r i o n  f o r  t h e  concen t r a t ion  of 
recombinarion c e n t e r s  for w i i i c i i   he SR e q i i ~ t l ~ n s  are  v ~ l i d .  S h ~ c t l e y  
has  shown t h a t  t h e  s u r f a c e  recombination i s  d e s c r i b a b l e  a s  a term i n  
Eq. (2 ) ,  provided only  t h e  fundamental s u r f a c e  decay mode i s  p resen t .  
o r  on of one 
P 
29 
31 
Sah and S h ~ c k l e y ~ ~  have t r e a t e d  t h e  c a s e  of m u l t i l e v e l  d e f e c t s ,  
and found t h a t  t h e  s t eady  s t a t e  l i f e t i m e  w i l l  be given by 
m 
s= 1 
-1 -1 
= c (Ns + Ns+$ (N T s )  (3) 
i n  t h e  c a s e  of small  excess c a r r i e r  d e n s i t i e s .  
f r a c t i o n  of d e f e c t s  occupied by s e l e c t r o n s ,  m i s  t h e  maximum number of 
e l e c t r o n s  t h a t  a r e  bound t o  t h e  d e f e c t ,  and T i s  the  SR l i f e t i m e  f o r  a 
monovalent d e f e c t  having an energy l e v e l  a t  Es. 
The q u a n t i t y  Ns /N i s  the  
S 
Ns/N i s  given by 
7 
S 
N -
N 
: ($2) 
k=O 
S pk c n -  
s=O k=O ‘0 
where p 
when k = 0, p1 = p ~ ,  t h e  equ i l ib r ium ho le  concen t r a t ion .  
and ( 4 )  w e  see t h a t  recombination through m u l t i l e v e l  d e f e c t s  causes t h e  
l i f e t i m e  t o  behave much t h e  same as the  l i f e t i m e  due t o  s e p a r a t e  sets of 
monovalent d e f e c t s ,  w i th  t h e  e f f e c t i v e  concen t r a t ions  of t h e  d e f e c t s  
dependent on t h e  Fermi l e v e l  pos i t i on .  
i s  t h e  q u a n t i t y  p1 corresponding t o  t h e  k t h  energy l e v e l ,  and 
From Eq. (3)  
k 
111. PROCEDURE 
Li fe t imes  ( a c t u a l l y  half-decay times) of excess c a r r i e r s  were 
measured by t h e  photoconduct iv i ty  decay method. A spark  d ischarge  lamp, 
s i m i l a r  t o  t h e  one used by Swank, wi th  a h a l f  decay t i m e  of l e s s  than 
0.6 microseconds was used t o  c r e a t e  e l ec t ron -ho le  p a i r s .  The l i g h t  was 
f i l t e r e d  by s i l i c o n  f i l t e r s  vary ing  i n  th i ckness  from 1.5 mm t o  7.5 mm, 
t o  i n s u r e  uniform p e n e t r a t i o n  of t he  e x c i t i n g  l i g h t .  The 1.5 mm f i l t e r  
was used only when t h e  l i f e t i m e s  obtained wi th  i t s  u s e  d i d  no t  d i f f e r  
from those  obtained w i t h  a much th i cke r  f i l t e r ,  i n d i c a t i n g  t h a t  i n j e c t i o n  
l e v e l  e f f e c t s 2 5  were no t  p re sen t .  
lower r e s i s t i v i t y  samples. 
9 9  33
This was u s u a l l y  t h e  case  f o r  t h e  
The samples were connected i n  s e r i e s  w i th  a c u r r e n t - l i m i t i n g  
r e s i s t o r  and a b a t t e r y ,  and t h e  t r a n s i e n t  p o r t i o n  of t h e  sample vo l t age  
was ampl i f ied  by a Tekt ronix  type  1121ampl i f ie r  before  being passed i n t o  
8 
a Tektronix type  535A osc i l l o scope ,  using Tekt ronix  type  L or  1 A l  v e r t i c a l  
p lug- in  u n i t s .  
vent  d i s p l a y  of a t  l e a s t  t h e  f i r s t  half-decay of t h e  s i g n a l ,  i n  o rde r  t o  
minimize t h e  e f f e c t s  of h igher  o rde r  modes of su r face  decay than t h e  funda- 
mental and t h e  e f f e c t  of t h e  
o s c i l l o s c o p e  t r a c e  was photographed wi th  a Polaro id  camera and t h e  photo- 
graphs of t h e  t r a c e s  were measured and p l o t t e d  on semilog paper t o  o b t a i n  
t h e  l i f e t i m e .  Seve ra l  d i f f e r e n t  sweep ra tes  were used on each photograph 
so  t h a t  t h e  ze ro  s i g n a l  l e v e l  could be determined. 
The sweep-delay f e a t u r e  of t h e  type  535A was used t o  p re -  
f i n i t e  decay t i m e  of t h e  l i g h t  pu lse .  The 
Discs 5 nun i n  th ickness  were c u t  from c y l i n d i c a l  boules.  Rec- 
t angu la r  p a r a l l e l o p i p e d s  wi th  dimensions t y p i c a l l y  5 x 5 x 20 mm were 
c u t  from the  d i s c s .  Some samples were seen  t o  have l a r g e  l i f e t i m e  o r  
r e s i s t i v i t y  v a r i a t i o n s  a long  t h e  sample l eng th ,  which f o r  t h e  above 
prepared samples was a boule diameter.  New samples of t hese  m a t e r i a l s  
werc the:: c u t  w i t h  t h e  sample Ie~lgth a l o n g  the boule a x i s .  No s i g n i f i c a n t  
l i f e t i m e  o r  r e s i s t i v i t y  v a r i a t i o n s  were seen i n  t h e  samples thus  c u t .  
l eas t  two of t h e  l a r g e r  f aces  were polished t o  reduce r e f l e c t i o n  l o s s e s ,  
and t h e  o t h e r  f a c e s  were ground. The e f f e c t i v e  s u r f a c e  recombination 
l i f e t i m e s  (defined a s  t h e  r e c i p r o c a l  of t h e  c a r r i e r  decay r a t e  due t o  
d i f f u s i o n  i n t o  s u r f a c e  recombination c e n t e r s )  were found t o  be very l a r g e .  
The e l e c t r i c a l  c o n t a c t s  were made by u l t r a s o n i c a l l y  so lde r ing  indium t o  
t h e  samples, and t h e  c o n t a c t s  were found t o  be ohmic i n  t h e  temperature 
r e g i o n  where t r app ing  d i d  n o t  prevent measurement of t he  l i f e t i m e .  
E l e c t r o l e s s  n i c k e l  p l a t e d  c o n t a c t s  were used on some of t h e  B and H samples. 
A t  
Each sample was given a code l e t t e r  and number, and i t s  p re -  
i r r a d i a t i o n  c h a r a c t e r i s t i c s  were measured, and a r e  l i s t e d  i n  Table 1. 
9 
The l e t t e r  des igna te s  t h e  boule fromwhich t h e  sample was c u t ,  and t h e  
number d i s t i n g u i s h e s  between samples c u t  from t h e  same boule.  The l i f e -  
time was measured a s  a func t ion  of p o s i t i o n  along t h e  sample length ,  and 
i n  those  samples where s i g n i f i c a n t  v a r i a t i o n s  were found, a r eg ion  of 
nea r ly  cons t an t  l i f e t i m e  was s e l e c t e d  f o r  u s e  du r ing  measurements. 
Voltages were chosen such t h a t  t h e  excess c a r r i e r  p u l s e  d id  no t  d r i f t  
o u t  of t h i s  reg ion .  
The samples were glued onto copper sample mounts wi th  G.E .  117031 
i n s u l a t i n g  va rn i sh ,  w i th  l a y e r s  of m i l  mylar between t h e  sample and 
t h e  mount, and between t h e  sample and t h e  copper-constantan thermocouple. 
The samples were mounted on the  bottom of a vacuum dewar, but separa ted  
from the  coo lan t  r e s e r v i o r  by a hea te r  imbedded i n  a copper block. The 
temperature was va r i ed  by changing the power d i s s i p a t e d  i n  t h e  h e a t e r .  
A coo l ing  mixture was placed i n  t h e  dewar f o r  reaching  temperatures below 
room temperature. 
The l i f e t i m e  samples were i r r a d i a t e d  a t  t h e  U . S .  Naval Research 
Laboratory i n  Washington, D .  C . ,  a t  approximately room temperature.  The 
exposure r a t e  was approximately 2 x 10 roentgens per hour. The i r r a d l a -  
t i o n s  h i s t o r i e s  of t h e  samples a r e  given i n  Table 2 .  
6 
P o s t - i r r a d i a t i o n  l i f e t i m e  measurements were made from low t o  
h igh  temperature.  On t h e  f i r s t  sample of each r e s i s t i v i t y  t o  be measured, 
n o t e  was taken of t h e  temperature a t  which annea l ing  f i r s t  occurred, and 
measurement of t h e  o t h e r  c r y s t a l s  of t h a t  m a t e r i a l  was r e s t r i c t e d  t o  
lower temperatures.  
Once t h e  l i f e t i m e  had been determined f o r  a sample a s  a func t ion  
of r e c i p r o c a l  temperature,  t h e  d a t a  were p l o t t e d  on semilog paper,  and a 
10 
smoothed curve was drawn through t h e  d a t a  p o i n t s .  Each set  of p o i n t s  
lo3 
(-, T ~ ) ,  where T~ i s  t h e  measured l i f e t i m e ,  was i d e n t i f i e d  by a code T 
number a f f i x e d  a f t e r  t h e  sample number, i n d i c a t i n g  t h e  t o t a l  number of 
i r r a d i a t i o n s  t h a t  had been made on t h e  sample .  Thus, E5-0 i n d i c a t e s  a 
p r e - i r r a d i a t i o n  measurement, and E5-2 ind ica t .es  t h e  second p o s t - i r r a d i a -  
t i o n  measurement. 
By assuming t h a t  Eq. (2) holds f o r  any number of sets of recom- 
b i n a t i o n  c e n t e r s  provided t h e  concen t r a t ions  of a l l  a r e  small enough, t h e  
r a d i a t i o n  induced l i f e t i m e  was obtained from t h e  l i f e t i m e s  measured before  
and a f t e r  i r r a d i a t i o n .  Equation (2)  can be s p e c i a l i z e d  t o  
m m -1 -1 -1 -1 -1 -1 + T = T o  -k T 
+ T s  j=1 y j  j=l y j  
Tm Tb (5) 
where T i s  t h e  p r e - i r r a d i a t i o n  bulk l i f e t i m e ,  T t h e  e f f e c t i v e  s u r f a c e  
l i f e t i m e ,  T 
due t o  d e f e c t s  induced du r ing  t h e  j t h  i r r a d i a t i o n ,  and T~ t h e  p r e - i r r a d i a -  
t i o n  l i f e t i m e .  Thus t h e  r a d i a t i o n  induced l i f e t i m e  due t o  t h e  f i r s t  two 
i r r a d i a t i o n s  i n  sample E5 i s  given by T (2,O) = ('t + = ) = ( T ~  - 
T~ ) 
and i s  i d e n t i f i e d  by t h e  sample code followed by t h e  two i r r a d i a t i o n  
numbers m and n,  s o  t h a t  i n  t h e  above example t h e  d a t a  set  des igna t ion  i s  
E5-2-0. 
from t h e  smoothed curves of T~ and T~ a t  evenly spaced va lues  of 10 /T. 
b S 
t h e  l i f e t i m e  which would be measured i n  an i n f i n i t e  sample 
Y5 
-1 -1 -1 -1 
Y Y l  ' Y 2  
-1 -1 3 . Each se t  of p o i n t s  (10 /T, T (m,n)) was def ined  a s  a d a t a  se t ,  
Y 
The va lues  of T~ and T~ used t o  c a l c u l a t e  7' (m,n) were obta ined  
Y 
3 
The e r r o r  i n  t h e  r a d i a t i o n  induced l i f e t i m e  due t o  t h e  assump- 
t i o n  i n h e r e n t  i n  Eq. (5) t h a t  t h e  su r face  l i f e t i m e  i n  independent of t h e  
o t h e r  l i f e t i m e s  w a s  es t imated  t o  be less than 3%, on t h e  b a s i s  of t h e  
11 
study of Blakemore and Nomura. 34 
was measured in the interval from one to four half-decay times of the 
photoconductivity, and the effective surface lifetime increases as the 
higher order surface decay modes die out. This measurement period for 
the later irradiation measurements thus occurred during the period when 
the higher order modes were more important than in the pre-irradiation or 
lower dose measurements. However,for the high dose measurements, the 
surface lifetime was much greater than the radiation induced lifetime, 
and hence had less effect upon it. Also helping to reduce the magnitude 
of the error was the fact that for the higher dose measurements, in most 
cases the lifetime did not vary over more than an order of magnitude in 
the temperature range investigated, so that the error in the lifetime 
did not change much, and had the effect of a slightly different dose. 
This error arises because the lifetime 
A .  Analysis of Lifetime-Temperature Data 
The changes in the lifetime due to radiation induced defects 
were analyzed on an IBM 7094 computer for those cases where measurements 
could be made over a temperature range large enough to allow rneaaingful 
interpretation of computer fits to the S-R theory. 
The computer program can be described as a "lesser squares 
fitting program," in that it adjusts the parameters A 
formula supplied to it, so that the quantity 
of the lifetime 
j 
N 7 . - 7  2 
j=l 
1 2  
i s  cons t an t ly  reduced. I n  t h e  above express ion  t h e  sum runs  over t h e  N 
d a t a  p o i n t s  (10 /Tj,~yj), W j  i s  t h e  estimated probable  e r r o r  o r  t h e  j t h  
va lue  of i 
10 /Tj. 
3 
and T i s  t h e  l i f e t i m e  ca l cu la t ed  f o r  t h e  temperature of 
y j '  
3 The W .  were a r b i t r a r i l y  chosen t o  be  equa l  t o  T /20, s i n c e  t h e  
J yj 
e r r o r  i n  t h e  l i f e t i m e  measurement i s  a percentage  e r r o r .  It was a l s o  
p o s s i b l e  t o  weigh a given temperature r eg ion  by i n c r e a s i n g  t h e  d e n s i t y  
of d a t a  p o i n t s  i n  t h a t  reg ion ,  so  t h a t  t h a t  r eg ion  con t r ibu ted  more t o  
x than t h e  o t h e r  r e g i o n ( s ) .  With t h e  weights a s  chosen, x2 should be 2 
equal  t o  t h e  number of p o i n t s  less the number of parameters i f  t h e  random 
e r r o r  i s  5%. 
The v a s t  m a j o r i t y  of d a t a  were taken a t  temperatures f o r  which 
t h e  approximation n 
n-type (p-type) m a t e r i a l  w a s  v a l i d  to  b e t t e r  than  1%. 
+ po = no(po) = N d l ( N a ' )  = Nd - Na(Na - Nd)  f o r  0 
Under these  condi- 
t i o n s  t h e  SR formulae become 
f o r  n-type, and 
f o r  p-type m a t e r i a l .  
Unless t h e  d e f e c t  l e v e l  i s  w i t h i n  0.1 e V  of midgap, t he  r a t i o  ~ ~ ~ p ~ / ( ~ ~ ~ n ~ )  
w i l l  be  much d i f f e r e n t  from one, and i t  w i l l  e i t h e r  dominate o r  be  domi- 
na ted  by nl/Nd'. 
from supposing only one t o  be important w i l l  be c l o s e r  t o  midgap than t h e  
c o r r e c t  va lue  obta ined  from inc luding  both terms, s i n c e  n v a r i e s  a s  
When both terms a r e  impor tan t ,  t h e  energy l e v e l  ob ta ined  
1 
13 
exp[ (Er- ,Ec)/kT] and p1 a s  exp[ (Ev- Er)/kT] 
have an a c t i v a t i o n  energy g r e a t e r  than h a l f  t h e  gap width,  and w i l l  cause 
t h e  l i f e t i m e  t o  i n c r e a s e  a t  h igher  temperatures a t  a r a t e  g r e a t e r  than i f  
only one t e r m  were s i g n i f i c a n t .  The n e t  r e s u l t  of t h i s  a d d i t i o n a l  i n c r e a s e  
of l i f e t i m e  a t  h igh  temperature i s  t o  i n c r e a s e  t h e  s l o p e  of t h e  l i f e t i m e -  
r e c i p r o c a l  temperature curve,  and hence p l ace  t h e  apparent  l e v e l  p o s i t i o n  
c l o s e r  t o  midgap. Thus, only f o r  energy l e v e l s  i n d i c a t e d  t o  be w i t h i n  
0.1 e V  of midgap need a l l  t h r e e  terms be considered. 
i f  t h e  l e v e l  i s  i n  t h e  upper h a l f  of t h e  gap i n  n-type m a t e r i a l ,  t h e  l i f e -  
t i m e  w i l l  be given by 
The "ext ra"  t e r m  w i l l  t hus  
For shallower l e v e l s ,  
wh i l e  i f  i t  i s  t h e  lower h a l f  of t h e  gap i n  the  same m a t e r i a l ,  i t  w i l l  be 
g iven  by 
R e s u l t s  f o r  p-type m a t e r i a l  can be obtained by in te rchanging  t h e  n ' s  and 
p ' s  and s u b s t i t u t i n g  N ' f o r  N d ' .  a 
The s imples t  approximation t o  Eqs .  (9) and (10) i s  given by 
exp(Ag- 11 .6  x A3 x e)]  (11) -1.5 T = A l [ l  + e 
3 
P O  3 where A1 i s  T 8 i s  10 /T, and A i s  t h e  energy s e p a r a t i o n  of t h e  recom- 
b i n a t i o n  l e v e l  from t h e  n e a r e s t  band edge i n  e l e c t r o n  v o l t s ,  w i t h  t h e  
, 
14 
0 f a c t o r  11.6 a r i s i n g  from t h e  conversion from e V  t o  K. Th i s  f i t  was 
des igna ted  PFZ-1 s i n c e  i t  appeared t o  adequate ly  d e s c r i b e  t h e  l i f e t i m e  
behavior i n  h igh  r e s i s i t i v i t y  p,-type float-zoned s i l i c o n .  
I f  t h e  l e v e l  i s  nea re r  t h e  conduction band, A w i l l  be  given by 2 
wi th  Nc81'5 = 1 . 7 3  x lo2' 0K-1*5c~-3. I f  t h e  l e v e l  l i e s  c l o s e r  t o  t h e  
va lence  band, A w i l l  be given by 
2 
The f a c t o r s  B and B '  i n  t h e  above equations a r i s e  from t h e  assumption 
t h a t  t h e  p o s i t i o n  of t h e  recombination l e v e l  v a r i e s  l i n e a r l y  wi th  tempera- 
t u r e  i n  a manner given by E, = Ern + BkT, With E t h e  ex t r apo la t ed  
energy l e v e l  p o s i t i o n  a t  ze ro  degrees Kelvin,  and k Boltzmann's cons t an t .  
The above equa t ion  f o r  E measures energ ies  from t h e  top  of t h e  va lence  
band, and s o  when measuririg ene rg ie s  from t h e  conduction band edge, t h e  
a. r. o 
r 
temperature dependence of t h e  energy gap, B k,  must 
by means of t h e  r e l a t i o n  B '  = B-6, = B + 2.8, u s ing  
eV/OK f o r  Bck. 35 Th i s  conversion must be used 
l i f e t i m e  f o r  cases  when a l l  t h r e e  terms i n  Eqs. (7)  
C 
be taken i n t o  account 
a va lue  of -2.4 X 
f o r  c a l c u l a t i n g  t h e  
o r  (8) a r e  r equ i r ed .  
I n  those  c a s e s  i n  which a l l  t h r e e  of t h e  parameters A1, A2,  and 
A a r e  o b t a i n a b l e  f o r  a p a r t i c u l a r  l e v e l ,  i t  i s  sometimes necessary  t o  
use  o t h e r  in format ion  t o  determine which band edge t h e  l e v e l  i s  n e a r e s t ,  
s i n c e  i t  i s  p o s s i b l e  t o  imagine va lues  of va r ious  parameters i n  Eqs. (12a) 
and (12b) which would r e s u l t  i n  t h e  same va lue  f o r  A2. 
3 
Previous 
15 
no" p o de te rmina t ions  of va lues  of t h e  parameters B ,  P I ,  w and t h e  r a t i o  7 
f o r  d e f e c t  l e v e l s  makes i t  p o s s i b l e  to dec ide  under what cond i t ions  t h e  
energy l e v e l  must l i e  i n  t h e  oppos i te  h a l f  of t h e  gap from t h e  Fermi l e v e l .  
I f  B '  v a r i e s  l i n e a r l y  wi th  t h e  s e p a r a t i o n  of t h e  energy l e v e l  
p o s i t i o n  from t h e  conduction band edge, a s  should be t h e  c a s e  f o r  a 
s u b s t i t u t i o n a l  impurity,  B '  would range from ze ro  f o r  a l e v e l  near  t h e  
band edge t o  1.4 f o r  a l e v e l  a t  midgap. However, H a l l  e f f e c t  measure- 
ments on t h e  A c e n t e r  i n d i c a t e  t h a t  weB3 i s  about t, "I5 and s i n c e  s p i n  
resonance measurements i n d i c a t e  u) = f f o r  t h i s  d e f e c t ,  B '  = -0.7 12 
i n s t e a d  of t h e  va lue  of 0.5 which r e s u l t s  from t h e  l i n e a r  
a d i screpancy  of about 1 . 2 .  Taking t h i s  discrepancy a s  a 
A2 d i f f e r s  from ln(NcO / N d ' )  by more than 3Ero 5 0.7 & 
u n c e r t a i n t y  i n  u) giv ing  r i s e  t o  t h e  0.7 and t h e  rest of 
-1.5 
model above, 
maximum, i f  
1 . 2 ,  w i t h  the  
t h e  q u a n t i t y  
g iv ing  t h e  u n c e r t a i n t y  i n  B ' ,  t h e  energy l e v e l  must l i e  i n  t h e  oppos i t e  
h a l f  of t h e  gap from t h e  Fermi l e v e l .  
t o  be i n  t h e  oppos i t e  h a l f  of t h e  gap even i f  A2 l i e s  w i t h i n  t h e  above 
range, due t o  t h e  presence  of t h e  a d d i t i o n a l  q u a n t i t y  ln[NvTnO/(N 
which has  t h e  range -0.9 + 3 .  
i s  based on previous  l i f e t i m e  measurements which r e p o r t  va lues  ranging 
from +2.25 t o  -3 .14 f o r  va r ious  de fec t s .  l6'I7 I f  w and/or B '  a r e  known 
from H a l l  e f f e c t  and s p i n  resonance measurements, t h e  r e s u l t a n t  reduc- 
t i o n  i n  t h e  range of p o s s i b l e  values of e" w i l l  permit a more d e f i n i t e  
l e v e l  p o s i t i o n  assignment. 
lower h a l f  of t h e  gap. 
It i s  a l s o  p o s s i b l e  f o r  t h e  l e v e l  
) ]  c P O  
The m e  of t h e  va lue  of 2 3 f o r  t he  In T ~ ~ / T ~ ~  
S imi l a r  cons ide ra t ions  hold f o r  l e v e l s  i n  t h e  
I n  s e v e r a l  experiments i t  has  been determined t h a t  t h e  quan t i -  
t ies  T and/or T a r e  n o t  cons tan t .  B e m ~ k i ~ ~  repor t ed  temperature PO no 
, 
16 
dependence of Tn, wi th  n = 112, 2 ,  and 712, f o r  s e v e r a l  o f  t h e  l e v e l s  
of  gold i n  s i l i c o n ,  and by i n v e s t i g a t i n g  the  i n j e c t i o n  l e v e l  depen- 
16 
dence o f  t he  s i l i c o n  A-center,  Galkin e t  a 1  concluded t h a t  t he  
e l e c t r o n  capture  c ros s - sec t ion  was s t r o n g l y  temperature dependent 
above 250°K. 
f i t  can be obta ined  wi th  T ~ ~ =  T 
i n j e c t i o n  l e v e l  curves  a l s o  i n d i c a t e  a temperature  dependence f o r  
'no+ 'Po. 
temperature dependence was used when i t  was suspected t h a t  T~~ and/or 
T were temperature dependent. Such f i t s  were designated PP-1 and 
A r e p l o t  of  t hese  da t a  sugges ts  t h a t  a reasonably good 
T-112(l+exp(11.5-3.40). Ba icke r ' s  17 noo 
I n  view of t hese  f ind ings ,  a f i t  a l lowing f o r  such a 
PO 
' PFZ-2. 
In  the  n-type f loat-zoned samples i t  i s  ev iden t  t h a t  e i t h e r  
2 sepa ra t e  l e v e l s  o r  a mul t iva len t  level  c o n t r o l s  the l i f e t i m e .  The 
da ta  sets f o r  t h i s  type of ma te r i a l  were f i t  by 
where P and Q a r e  PFZ-1 f i t s .  I f  both l e v e l s  a r e  c l o s e s t  t o  t h e  same 
band, the  A of P and A of  Q a r e  r e l a t e d .  Since i t  was no t  poss ib l e  
2 2 
t o  measure the l i f e t i m e  a t  temperatures low enough t h a t  t he  approxi-  
mation -(Ec- E r >  
C kT N 
7 - 7  - e 
Po Nd 
was no t  adequate f o r  the  shallower l e v e l ,  i t  was no t  necessary  t o  
t ake  e x p l i c i t  account of the  d i f f e rences  ( i f  any) i n  the  degeneracies  
o f  the  two l e v e l s .  F i t s  NFZ-1, NFZ-2, and NFZ-3 a r e  b i l e v e l  f i t s  of 
t h i s  type.  
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I n  the  p-type pu l l ed  samples i t  became ev iden t  t h a t  two 
l e v e l s  were a c t i v e  i n  the  recombination p rocess ,  and f i t s  NFZ-1 and 
PP-1 were used on these  d a t a  sets. F i t  PP-2 i s  a l s o  o f  t h e  same form 
a s  E q .  (13) wi th  P a PFZ-1 f i t  and Q a PP-1 f i t .  
For t he  h igh  r e s i s t i v i t y  samples a t  h igh  temperature,  t h e  
approximation 
longer  v a l i d .  F i t  N I - 1  was programmed t o  account f o r  t h i s .  
no(po) = 1 ~ ~ -  N ~ J  i n n-type (p-type) m a t e r i a l  i s  no 
Table 3 l i s t s  the  var ious  f i t s  used i n  t h e  a n a l y s i s ’ o f  t h e  
d a t a ,  along with their formulae. 
B .  Annealing 
Although some l i f e t i m e  samples  were i n a d v e r t e n t l y  annealed 
i n  * s i t u  dur ing ,  l i f e t i m e  measurements , most of . the post-anneal l i f e t i m e  -- 
3 ve r sus  10 /T d a t a  were taken a f t e r  t h e  samples had been annealed by 
placing them i n  a n  a1UminUE r,apsl?le sealed by 9 tefl=:: c)L-rlng and 
0 
submerging i t  i n  a c o n t r o l l e d  temperature ( i0.5 C) d i f f u s i o n  pump 
o i l  ba th .  For annea ls  a t  temperatures above the  mel t ing  p o i n t  o f  t he  
In  e l e c t r o d e s  the  samples were t i g h t l y  wrapped i n  A 1  f o i l  t o  keep 
t h e  I n  i n  p l ace  before  being placed i n  the  capsule .  Due t o  the  low 
temperature o f  the annea l s ,  and t h e  extremely l o w  d i f f u s i o n  cons t an t  
o f  I n  i n  S i ,  i t  was assumed t h a t  no I n  d i f f u s e d  i n t o  t h e  S i .  A t  t h e  
end of the annea l ing  t i m e  t he  capsule was removed from t h e  ba th  and 
opened and t h e  sample dropped i n t o  a Freon 11 ba th .  The same techni -  
que was used i n  performing the  i sochronal  annea ls .  
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C .  Ha l l  E f f e c t  
H a l l  measurements were made on bridge-shaped samples c u t  
u l t r a s o n i c a l l y  from wafers  approximately 1 mm t h i ck .  
con tac t s  were used. H a l l  vo l tages  were measured a t  7 koe from l o w  
temperature up t o  the  maximum temperature o f  measurement (370 K t o  
400°K), with  i n i t i a l  and f i n a l  readings taken a t  2 9 7 O K  t o  determine 
any evidence of  anneal ing during the  measurement. 
E l e c t r o l e s s  N i  
0 
The i r r a d i a t i o n s  on the H a l l  samples were performed a t  t he  
Oak Ridge Nat iona l  Laboratory.  
I V .  RESULTS 
A .  N-Type F l o a t  Zoned S i l i c o n  
1. P o s t - i r r a d i a t i o n  results 
On the  b a s i s  of  combined evidence from l i f e t i m e  and H a l l  
e f f e c t  measurements , d e f e c t s  introduced by Co60 i r r a d i a t i o n  i n t o  
n-type FZ s i l i c o n  have energy l e v e l s  a t  approximately Ec-0.17 e V  and 
Ec-0.42 e V ,  wi th  the  p o s s i b i l i t y  e x i s t i n g  t h a t  a d d i t i o n a l  l e v e l s  a t  
about  E +0.4 e V  were a l s o  c rea ted .  The l i f e t i m e - r e c i p r o c a l  temperature 
d a t a  sets were analyzed by computer on the  assumption t h a t  on ly  two 
l e v e l s ,  one near  a band edge and one near  midgap, were e f f e c t i v e  i n  
t h e  recombination process .  Representa t ive  da t a  sets a r e  shown i n  
F i g s .  1 and 2 ,  and the  formulae used t o  o b t a i n  t h e  ca l cu la t ed  curves ,  
a long  w i t h  the parameter va lues ,  a r e  l i s t e d  i n  Table 4 .  Not a l l  the 
computer r e su l t s  are l i s t e d ,  s ince  f o r  some da ta  sets  seve ra l  d i f f e r e n t  
v 
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formulae were used t o  f i t  the  da t a ,  but  there  was no s i g n i f i c a n t  
d i f f e r e n c e  i n  the  resu l t s .  This  i s  seen by comparing the  results of 
using a PFZ-1 and NFZ-2 f i t  f o r  the C4-2-0 d a t a  set .  
Two a t tempts  were made to  t e s t  the  adequacy of  the  NFZ-1 
and NFZ-2 f i t s .  The q u a n t i t y  T 
the  above f i t s ,  implying a hole  capture  c ros s  s e c t i o n  temperature 
v a r i a t i o n  of T , s i n c e  v i s  propor t iona l  t o  TI’*. The NEZ-3 f i t  
which assumes CY cons tan t  was compiled and used on t h e  da t a  se t  
L5-2-0. This  d a t a  s e t ,  and a l s o  the  B3-2-0 d a t a  s e t ,  were a l s o  used 
t o  test  the  appropr ia teness  o f  the more complicated two l e v e l  l i f e -  
t i m e  formula of Wertheim,28 which he showed should be used un le s s  t he  
recombination c e n t e r  concent ra t ions  a r e  s u f f i c i e n t l y  smal l .  I n  both 
cases the  NFZ-1 and NFZ-2 f i t s  were judged t o  be supe r io r  o r  equiva- 
l e n t  t o  the  more complicated formulae, and thus  adequate f o r  desc r ib ing  
= (a Nv )-I was assumed cons t an t  i n  
PO P P 
-112 
P 
P 
tL- d-t.. 
LUS uaLcI. 
A s  i s  ev iden t  from the f i g u r e s ,  t he  shallow l e v e l  does not  
have a g r e a t  e f f e c t  upon t h e  l i f e t i m e  i n  t h e  temperature  range inves-  
t i g a t e d ,  and t h e r e f o r e  the  parameters c a l c u l a t e d  f o r  i t  a r e  much more 
u n c e r t a i n  than f o r  the  deeper l e v e l .  Since the  l i f e t i m e  could no t  be 
measured a t  temperatures  low enough t h a t  i t  approached a cons t an t  
minimum value ,  the  parameter A i n  the  NFZ-2 and NFZ-3 f i t s  was d e t e r -  
mined by the  deeper l e v e l .  I n  the N F Z - 1  f i t s  the va lue  of  A2 f o r  the  
shal low l e v e l  appeared t o  be determined e s s e n t i a l l y  by the o r i g i n a l  
estimate r equ i r ed  by the  computer program. It was t h e r e f o r e  impos- 
s i b l e  t o  determine from l i f e t i m e  measurements a lone  which band edge 
t h e  recombination l e v e l  was n e a r e s t .  The l i f e t i m e  was no t  measured 
2 
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3 f o r  10 / T  g r e a t e r  than 4.5 because o f  t he  e f f e c t s  o f  t r app ing  a t  low 
temperatures. Strong t r app ing  s t r i c t l y  i n v a l i d a t e s  Eq. (2 ) ,  and i t  
i s  thus  impossible t o  c o r r e c t  for  t rapping  un le s s  t he  t r a p  p o s i t i o n  
and concen t r a t ion  a r e  known. Since these  q u a n t i t i e s  were no t  known, 
the  l i f e t i m e  was n o t  measured when t r app ing  was m a n i f e s t l y  important.  
N a t u r a l l y  i t  i s  impossible t o  determine a t  what p o i n t  t rapping  begins 
t o  s i g n i f i c a n t l y  a f f e c t  t he  l i f e t i m e ,  and hence a t  h igh  10 /T t r app ing  
may have caused i t  to  i n c r e a s e  above t h e  va lue  p red ic t ed  by t h e  s i m p l e  
SR theory.  This would cause the  shallow l e v e l  p o s i t i o n  t o  appear t o  
l i e  c l o s e r  t o  t h e  band edge than i t  would i n  t h e  absence of t rapping .  
The es t imated  e r r o r  i n  the  shallow l e v e l  p o s i t i o n  i s  about 0.05 e V .  
A l l  t h e  parameters f o r  t h e  deep l e v e l  could be determined 
from t h e  l i f e t i m e  measurements, wi th  an accuracy roughly p ropor t iona l  
t o  t h e  r e s i s t i v i t y  of t h e  m a t e r i a l .  Assuming t h e  l e v e l  t o  be nea re r  
3 
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samples ,  i s  a t  E - 0.42+0.03 e V .  The d i f f e r e n c e  between A f o r  t h e  
deep l e v e l  and An [Nce-1 '5 /Ndi ]  , t h e o r e t i c a l l y  equa l  t o  B ' +  Qnw 
ranged from -0.76 t o  3.41 (Table 4 ) .  Since t h i s  l e v e l  i s  suspected 
o f  being the  E c e n t e r ,  Rnw i s  0.7,  and most of t he  va lues  o f  A2 - 
Rn [ N  e ' l o 5 / N  1 1  f a l l  w i t h i n  the  p red ic t ed  range of 1.e1.3, so t h a t  
the l e v e l  p o s i t i o n  i s  n o t  r e s t r i c t e d  t o  being i n  t h e  lower h a l f  o f  
t h e  gap. 
C 2 
C d 
The divacancy has  been r epor t ed  t o  have energy l e v e l s  near  
t h i s  p o s i t i o n ,  and i t  was deemed appropr i a t e  t o  determine t h e  e f f e c t  
of t h e  mul t i - l eve led  divacancy upon the l i f e t i m e .  Eqs. (3 )  and ( 4 )  
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were the re fo re  used t o  c a l c u l a t e  t he  l i f e t i m e  due t o  d ivacancies ,  and 
s ince  the  var ious  capture  c ross -sec t ions  are n o t  known, the  fol lowing 
va lues  were used: 
l e v e l  2 a t  Ev + 0.45 e V ,  w = 1 / 2 ,  T ~ ~ =  20, T 
E - 0.4 e V ,  w = 
given by Watkins and Corbet t ;  the va lues  of  w were deduced from t h e i r  
model, and the  va lues  of  T and T from the  charge states of  t h e i r  
model. 
200 ohm-cm n-type m a t e r i a l ,  were analyzed wi th  the  PFZ-1 program t o  
i n d i c a t e  a l e v e l  a t  about the same p o s i t i o n  wi th  a s l i g h t l y  lower 
va lue  of  w (1 .5) .  A t  l e a s t  f o r  t h e  above model, t he  lower l e v e l  of  
t he  divacancy does n a t  con t r ibu te  much t o  the  recombination process  
l e v e l  1 a t  Ev + 0.25 e V ,  w = 2 ,  7 = 20, T = 1; 
P O  no 
= 1 / 2 ;  l e v e l  3 a t  
P O  
= 1 / 2 ,  7 = 20. The l e v e l  p o s i t i o n s  were those 2 y  Tpo no C 
no P O  
The r e s u l t s  of t h i s  c a l c u l a t i o n ,  wi th  N d ,  app ropr i a t e  f o r  
The parameters f o r  the deep l e v e l  can e q u a l l y  w e l l  be i n t e r -  
p re t ed  a s  belonging t o  a monovalent l e v e l  a t  E + 0.42 e V  which has  
a i a r g e r  ho ie  than e i e c t r o n  capture  c ros s  s e c t i o n  ( i n d i c a t i v e  o t  a 
d e f e c t  w i th  n e u t r a l  and negat ive ,  o r  nega t ive  and doubly negat ive  
charge s t a t e s ) .  
p resented  below, i s  t h a t  recombination occurs  through two o r  more 
deep l e v e l s ,  whose n e t  recombination ra te  appears  t o  be that: o f  the  
l e v e l s  proposed above. A d i f f e rence  i n  in t roduc t ion  r a t e s  between 
t h e  two l e v e l s ,  due t o  v a r i a t i o n s  of  i m p u r i t i e s  and d i s l o c a t i o n s  i n  
and between boules ,  would then expla in  the  l a r g e  v a r i a t i o n  seen i n  
V 
A more probable p o s s i b i l i t y ,  on the  b a s i s  of evidence 
t h e  parameter A f o r  t he  deep l e v e l .  2 
The l i fe t ime energy l e v e l  p o s i t i o n s  appeared t o  be deeper 
i n  the  gap f o r  succeeding i r r a d i a t i o n s ,  most p a r t i c u l a r l y  i n  the  case 
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of  the shallow leve l ,  where the  energy l e v e l  appeared t o  be about  
0.1 e V  from t h e  band edge i n  a l l  bu t  the L3 da ta  se t  a f t e r  the  f i r s t  
i r r a d i a t i o n .  This s h i f t  o f  energy l e v e l s  t o  l a r g e r  s epa ra t ions  ind i -  
cates t h a t  b e s t  resul ts  a r e  obtained when the  pre- and p o s t - i r r a d i a t i o n  
l i f e t i m e s  d i f f e r  g r e a t l y ,  and when t h e  pos t  i r r a d i a t i o n  l i f e t i m e  i s  
dominated by r a d i a t i o n  induced de fec t s .  Anomalous results, compared 
t o  o t h e r  m a t e r i a l s  of the  same impuri ty  group, were o f t e n  obta ined  on 
samples  having a very low p r e - i r r a d i a t i o n  l i f e t i m e ,  such a s  the  B y  P ,  
and R samples. 
H a l l  e f f e c t  measurements on m a t e r i a l  from boule B i nd ica t ed  
7 13 r introduced 4 x 10 t h a t  an  exposure dose of  3.1 x 10 
l e v e l s  and 3.8 x 1013 shallow levels. 
cm-3 deep 
The energy l e v e l  p o s i t i o n s  
determined from the  H a l l  measurements were deeper i n  the  gap by 
about  0.03 e V  than the  l i f e t i m e  l e v e l s ,  bu t  the  shallow l e v e l  was 
a b o u t  0.63 e” shaiiower than repor ted  by Soncier anci Tempieton.2 The 
acceptor  l e v e l s  c r ea t ed  i n  the  two H a l l  samples from the  C boule 
appeared t o  be 0.01 t o  0.02 e V  deeper than i n  the  B m a t e r i a l ,  and i n  
good agreement wi th  the  Sonder and Templeton f ind ings .  
i n t r o d u c t i o n  r a t e s  f o r  l e v e l s  i n  the  C samples, def ined  by (dN/d@) = 
N / @ ,  were 7 .7  x 10 cmW3 r-’ f o r  the shal low l e v e l  i n  t h e  C-A sample 
(exposure dose 1.1 x 10 R) , and 4.7 x 10 cm-3 r 
f o r  t he  deep l e v e l ( s )  i n  the  C-A and C-B (exposure dose 3.1 x 10 r) 
The average 
5 
7 5 -1 and 4 .1  x 105cm-3 r-’ 
7 
samples ,  r e s p e c t i v e l y .  Since these measurements, a s  w e l l  a s  those 
r e p o r t e d  by Sonder and Templeton, and S a i t o ,  H i r a t a ,  and Horiuchi ,  
4 
were performed on m a t e r i a l s  of  r e s i s t i v i t y  such t h a t  complete i o n i -  
z a t i o n  from the  deep l e v e l  could be observed only  a t  temperatures f o r  
I , 
23 
which anneal ing of t he  d e f e c t s  occurred,  i t  i s  n o t  poss ib l e  t o  s t a t e  
t h a t  d ivacancies  o r  o t h e r  deep d e f e c t s ,  were no t  a l s o  c rea t ed  i n  
add i t ion  t o  E c e n t e r s .  Very high r e s i s t i v i t y  m a t e r i a l  (p ,> 2000 
ohm cm)  would be requi red  f o r  such a s tudy.  
Using the above in t roduc t ion  r a t e s  f o r  t he  deep levels ,  
and assuming t h a t  recombination occurs  mainly through the E c e n t e r ,  
the  E cen te r  ho le  c ros s - sec t ion  was c a l c u l a t e d  us ing  the l i f e t i m e -  
f l u x  products  (7 @ )  f o r  t h i s  level.  The hole  thermal v e l o c i t y  a t  
250°K, 1.5 x 10 cm/sec, i n  conjunction w i t h  the d e f i n i t i o n  of T 
t h e  above-mentioned q u a n t i t i e s  ( 7  
l a t e  
P O  
7 and 
P O  
6 )  and (dN/@) enables  one t o  calcu-  
P O  
The r e s u l t i n g  hole  capture  c ros s - sec t ion  i s  2.5 x 
5.2 x 
cm2 and 
cm2 f o r  t he  E and C m a t e r i a l s ,  r e s p e c t i v e l y .  
2. Pos t  anneal  r e su l t s  
0 
The annea l ing  cf  the  deep l e v e l s  a t  l o w  (100 C )  temperatures 
i s  seen i n  Fig.  2 ,  which shows the func t ion  f v e r s u s  the  annea l ing  
temperature f o r  n-FZ samples, where f i s  given by 
-1 -1 -1 -1 -1 f = (TA - T ) (Tm - T Y 
0 0 
w i t h  T~ the  pos t  annea l  l i f e t i m e ,  To the  p r e - i r r a d i a t i o n  l i f e t i m e ,  
and T the  p o s t - i r r a d i a t i o n  l i f e t i m e ,  a l l  measured a t  room tempera- 
t u r e .  I f  on ly  one type of  de fec t  i s  p resen t ,  and i f  i t  annea ls  without  
m 
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c r e a t i n g  any o t h e r  recombination c e n t e r s ,  then  f can be shown t o  be 
the  f r a c t i o n  of  recombination cen te r s  no t  annealed.  
The observed behavior of f f o r  the samples B 2 ,  L 5 ,  and C3 
can q u a l i t a t i v e l y  be descr ibed  as  due a t  l e a s t  two types of de fec t s :  
those which account f o r  the  major p a r t  of the  r a d i a t i o n  induced l i f e -  
t i m e  and which anneal  by 2OO0C, and another  type which annea ls  a t  a 
higher  temperature .  The d i f f e r e n c e s  i n  t h e  h igh  temperature anneal ing 
a r e  sugges t ive  of s e v e r a l  de fec t s  annea l ing  i n  t h i s  range r a t h e r  than 
j u s t  one,  and the  lesser d i f f e rences  i n  the  low temperature annea l ing  
might a l s o  i n d i c a t e  s e v e r a l  l e v e l s ,  but  more probably a r e  due t o  
d i f f e r e n c e s  i n  d i s l o c a t i o n  content o r  s i m i l a r  f a c t o r s  which could 
a f f e c t  t he  anneal ing.  
3 Figure 3 shows the l i f e t i m e  -10 / T  da t a  se t s  f o r  sample B3 
and C4 a f t e r  the i n d i c a t e d  anneals .  Due t o  the  s c a t t e r e d  na tu re  of  
t h e  B3 da ta  se t s ,  no at tempt  was made t o  f i t  curves  t o  them. The 
C4-4A2-0 d a t a  s e t ,  according t o  Eq. ( 2 ) ,  g ives  information on a l l  
d e f e c t s  p re sen t  a f t e r  the  anneal ,  inc luding  the  un-annealed r a d i a t i o n  
induced d e f e c t s  and those c rea t ed  from t h e  c o n s t i t u e n t s  of t he  annealed 
d e f e c t s  and o t h e r  impur i t i e s  i n  t h e  c r y s t a l .  Computer c a l c u l a t i o n s  
performed t o  o b t a i n  t h e  curve i n d i c a t e ,  1) most deep l e v e l s  anneal  a t  
a low temperature ,  b u t  a small. f r a c t i o n ,  apparent ly  s l i g h t l y  deep i n  
t h e  gap than the o t h e r s ,  a r e  more s t a b l e ,  2 )  anneal ing e i t h e r  " s h i f t s "  
t h e  shallow l e v e l  p o s i t i o n  form 0.17 e V  t o  0.22 e V  from a band edge, 
o r  creats d e f e c t s  w i th  the  l a t t e r  energy sepa ra t ion ,  and 3) the l i f e -  
t ime-f lux  product of  the  remainingldeep l e v e l s  based on the  assumption 
t h a t  all t he  less s t a b l e  de fec t s  and none of the  more s t a b l e  d e f e c t s  
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have annealed,  i s  about 120 sec-r, compared t o  the  2 o r  3 sec-r f o r  
t he  less s t a b l e  d e f e c t s .  Evidence f o r  t h i s  assumption comes from t h e  
small  (13%) change seen between the f i r s t  (13 h r  a t  145OC) and second 
(20 min a t  250OC) anneal  t reatments  
B .  Phosphorus Doped Cruc ib le  Grown S i l i c o n  
1. Pos t  i r r a d i a t i o n  r e s u l t s  
An examination of  t h e  da t a  sets (Fig.  4 )  of  the i r r a d i a t i o n  
induced l i f e t i m e  i n  the  n-type pul led  m a t e r i a l s  sugges ts  t h a t  the  
behavior o f  these  m a t e r i a l s  is  the same a s  t h a t  o f  t h e  n-type FZ 
samples,  except  t h a t  t rapping a f f e c t s  the l i f e t i m e  i n  a l l  cases  f o r  
temperatures below 300°K. 
The energy sepa ra t ion  values  obtained from the  s lopes  of  
t he  l i n e s  through the  H2 da t a  s e t s  (Fig.  4a)  are somewhat low compared 
t o  t h a t  expected f o r  recombination due t o  A c e n t e r s  a lone (0.24 e V  a t  
10 / T  = 2 . 9 ) ,  bu t  i f  recombination through the deeper l e v e l s  seen i n  
the  h igher  r e s i s t i v i t y  materials (I, T) i s  a l s o  assumed t o  take  p lace  
i n  t h i s  m a t e r i a l ,  then the  n e t  l i f e t i m e  ca l cu la t ed  f o r  t h i s  m a t e r i a l  
f i t s  t he  d a t a  set H1-1-0 very wel l .  
ze ro  temperature E - 0.175 e V )  and degeneracy ra t io- tempera ture  depend- 
ence  product  ~ e " ( e - ~ * ~ )  used were those o f  Sonder and Templeton, 
t h e  deep l e v e l ,  parameters c lose  t o  those determined above f o r  t he  
B '  0.78) deep level  i n  sample C 4  were used (Er = E=- 0.42 e V ,  cue 
7 f o r  the  shallow l e v e l  was es t imated  from the  A cen te r  i n t roduc t ion  
r a t e  found i n  the B H a l l  sample, i n  accordance wi th  the f ind ings  of  
3 
The shallow l e v e l  p o s i t i o n  a t  
C 
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Sonder and Templeton2 t h a t  t he  A c e n t e r  i n t roduc t ion  r a t e  i s  no t  
s t rong ly  dependent upon the  oxygen concen t r a t ion ,  and from the  ho le  
capture  c r o s s  s e c t i o n  found by Galkin e t  a l .  l6 7 f o r  the deep 
l e v e l  was es t imated  from the  l i f e t i m e  r e su l t s  on the  I and T7 c r y s t a l s .  
The 7 
t i v e l y )  were than ad jus t ed  s l i g h t l y  t o  g ive  the f i t  shown. 
f i t  was n o t  used i n  t h i s  case .  
PO 
' s  (48 and 0.29 psec  f o r  the deep and shallow l e v e l s ,  respec-  
PO 
A computer 
Trapping appeared t o  a f f e c t  t he  r a d i a t i o n  induced l i f e t i m e  
i n  the  H2 sample more than i n  the H1 sample, a s  i s  evidenced by the 
decrease  i n  s lope  of  t h e  l i f e t i m e  w i t h  decreasing temperature f o r  
t h e  H2 d a t a  sets. 
i n  the  H1 da ta  set i s  a t t r i b u t e d  t o  the temporary pinning of t he  
Fermi l e v e l  a t  Ec- 0.32 e V  due t o  the  i o n i z a t i o n  of e l e c t r o n s  from 
deep donor l e v e l s ,  whose concent ra t ion  was found t o  be about 8 x10 c m  
by H a i i  measuremencs on a sampie of u n i r r a d i a t e d  H m a t e r i a i .  
conduc t iv i ty  measurements a t  room temperature have shown t h a t  the  
donors a r e  cha rac t e r i zed  by very low e l e c t r o n  and h igh  hole  capture  
c ros s - sec t ions ,  where the  ho le  capture  t i m e  was too s h o r t  t o  measure 
wh i l e  t he  e l e c t r o n  capture  t i m e  was o f  the  o rde r  of seconds. The 
e l e c t r o n  cap tu re  t i m e  increased  with decreas ing  temperature ,  and a t  
n i t r o g e n  temperature was g r e a t e r  than  t e n s  of minutes.  
3 The near-constancy of the  l i f e t i m e  a t  10 / T  = 3 . 3  
13 -3  
P'noto- 
A r e s i s t i v i t y  v a r i a t i o n  ac ross  the  diameter  of t he  T boule 
(80 ohm-cm a t  the c e n t e r ,  8000 ohm-cm a t  the per iphery)  was d iscovered ,  
and t h e  l i f e t i m e  samples used were t h e r e f o r e  c u t  w i t h  t h e i r  long 
dimensions along the  boule a x i s  r a t h e r  than  a boule diameter .  Sample 
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T4 Y 
c u t  
c u t  from the  cen te r  of the  boule ,  had a r e s i s t i v i t y  of  sample  T7, 
from a reg ion  f a r t h e r  from the c e n t e r ,  va r i ed  by a f a c t o r  of  two 
along i t s  smallest dimension, which w a s  a boule d iameter ,  and less 
than  5% i n  the  o t h e r  dimensions. 
H a l l  e f f e c t  measurements on a s i m i l a r l y  c u t  sample of  195 
ohm-cm m a t e r i a l  from boule T revealed t h a t  t he  H a l l  mob i l i t y  of 
2 
e l e c t r o n s  was very  low (1100 cm / v o l t - s e c  a t  300°K compared t o  1500 
t o  1600 c m  / v o l t - s e c  i n  the  o the r  n-type m a t e r i a l s ) ,  and t h a t  two 
groups of  deep l e v e l s  e x i s t e d  i n  t h i s  m a t e r i a l  p r i o r  t o  i r r a d i a t i o n .  
Shallow donors,  a t  Ec- 0.15 e V ,  were p resen t  i n  a concent ra t ion  of  
10 ~ m - ~ ,  bu t  s i n c e  the  p r e - i r r a d i a t i o n  l i f e t i m e  w a s  c o n t r o l l e d  by 
su r face  recombination, i t  i s  ev ident  t h a t  t hese  l e v e l s  a re  n o t  A 
c e n t e r s .  Deeper donors ,  wi th  energy l e v e l s  appa ren t ly  ranging from 
Ec- 0.37 eV t o  Ec- 0.47 e V ,  w i th  a t o t a l  concen t r a t ion  of  s l i g h t l y  
more than  10 - c m  were a i s o  seen. Cornpariaor; af the Eall e f fec t  
measurements before  and a f t e r  exposure of  t he  sample to  a dose of 
10 cm-3 deep accep to r s ,  
l oca t ed  a t  least  0.45 e V  from the conduction band edge,  were c rea t ed ,  
a s  w e l l  as more A centers than donors. 
2 
13 
13 - 3  
8 12  R i nd ica t ed  t h a t  approximately 4.5 X 10 
The r a d i a t i o n  induced l i f e t i m e  behavior of sample T4 
(Fig.  4a) can be f a i r l y  w e l l  descr ibed by recombination through two 
l e v e l s ,  one due t o  the  A c e n t e r ,  w i t h  the  parameters a s  given f o r  the 
H1-1-0 d a t a  se t ,  and a deeper l e v e l ,  0.45 - + 0.04 e V  from a band edge. 
7 
4.5 ( e lg5 ) ,  which can be i n t e r p r e t e d  a s  a conduction band level  wi th  
f o r  the  deep l e v e l  was found t o  be 38 psec ,  and cce” t o  be 
PO 
c 
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w = 2 and B '  = 0.8,  o r  a valence band l e v e l  w i t h  D >>on. 
e l e c t r o n  concent ra t ion  was assumed i n  t h e  above c a l c u l a t i o n ,  which was 
done wi th  the  NFZ-2 program i n  the reg ion  where t rapping  d i d  not  
a f f e c t  t he  l i f e t i m e  when the  non-add i t iv i ty  of r a d i a t i o n  induced l i f e -  
A cons tan t  
P 
t i m e s  was observed. 
The l i f e t i m e  results on t h e  T7 c r y s t a l  were i n  rough agree-  
ment w i t h  the  T4 resul ts ,  bu t  were n o t  computer analyzed because the  
l a r g e  r e s i s t i v i t y  v a r i a t i o n  ac ross  the  sample would case doubt on the 
v a l i d i t y  of  the  parameters obtained.  
The hole  capture  c r o s s  s e c t i o n  f o r  the  deep l e v e l  seen i n  
t h i s  material  was c a l c u l a t e d  from t h e  l i f e t i m e - f l u x  produce of the 
T4-2-0 d a t a  set and the  H a l l  i n t r o d u c t i o n  ra te  f o r  deep l e v e l s  t o  be 
about  8 x 10 cm . -15 2 
F igure  4b shows the  temperature behavior of the  r a d i a t i o n  
induced l i f e t i m e  f o r  da t a  sets 14-1-0 and 14-2-0 a s  w e l l  as d a t a  sets 
taken on c r y s t a l  11. Although there  is  l i t t l e  s c a t t e r  i n  the  d a t a ,  
t r app ing  a f f e c t s  the  l i f e t i m e  f o r  10 /T g r e a t e r  than 3.4, and t h e r e  3 
i s  cons iderable  d i f f e r e n c e  between the  d a t a  sets 14-1-0 and 14-2-0 
f o r  a l l  10 / T ,  i n d i c a t i n g  t h a t  Eq. 2 does n o t  apply t o  the l i f e t i m e  3 
due t o  d e f e c t s  introduced by the  second i r r a d i a t i o n ,  and hence no t  
f o r  t he  f i r s t  i r r a d i a t i o n  e i t h e r .  The parameters f o r  t he  curves f i t  
t o  the  d a t a  sets are thus  not  u se fu l  f o r  p r e c i s e  i n t e r p r e t a t i o n .  
The PFZ-1 parameters f o r  t he  cu rve  through the  d a t a  set 14-1-0 are 
A1= 19.37, A2= 14.06, and A3= 0.358. 
curve f i t  t o  t he  14-2-0 da t a  set can be converted t o  PFZ-1 parameters 
3 f o r  10 /T = 2.65 and a r e  A - 12.68 ,  A2= 17.75, and A3= 0.483. 
The N I - 1  parameters f o r  the  
1- 
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Nei ther  f i t  took i n t o  account  t he  e f f e c t  o f  A c e n t e r s  upon the  l i f e -  
t i m e ,  which was no t  n e g l i g i b l e ,  s ince  the  A c e n t e r  l i f e t i m e ,  calcu-  
l a t e d  from the  T4 and H1 parameters,  was less than  s i x  t i m e s  the  
measured l i f e t i m e  over  t h e  range of measurement. 
2 .  Post  annea l  resul ts  
The results of  t he  10 minute i soch rona l  annea l s ,  shown i n  
F ig .  5 ,  i n d i c a t e  t h a t  the  behavior i s  determined by unmonitored f a c  
f a c t o r s ,  such a s  concen t r a t ions  of i m p u r i t i e s  o t h e r  than phosphorus 
o r  oxygen, o r  d i s l o c a t i o n  conten t .  
220 C i s  q u i t e  s imilar  t o  t h a t  of t h e  f l o a t  zoned samples, pa r t i cu -  
The behavior of  c r y s t a l  I 4  below 
0 
l a r l y  L5, bu t  a t  h igher  temperatures d e f e c t s  appear t o  be c rea t ed .  
Sample I1 was h e a t  t r e a t e d  a t  400 C and a decrease  of  r e s i s t i v i t y  w a s  
0 
found, probably t h e  oxygen r e l a t e d  donors r epor t ed  previous ly ,  con- 
f i rming the  formation o f  d e f e c t s  a t  h igh  temperatures .  The removal 
o f  A c e n t e r s  dur ing  a 6 hour anneal  a t  25OoC was ind ica t ed  by measure- 
ments on sample I1 a f t e r  a t o t a l  dose of  2 x 10 r (da t a  se t  11-3A1- 7 
3A2, Fig .  4b).  Q u a l i t a t i v e  f e a t u r e s  from o t h e r  runs  i n d i c a t e d  t h a t  
annea l ing  of t he  deeper  l e v e l s  occurred dur ing  measurements a t  t e m -  
p e r a t u r e s  below 16OoC. 
The behavior of the anneal ing of the  l i f e t i m e  i n  sample T7 
appears  t o  be due t o  the  anneal ing of t he  deeper  l e v e l s ,  which do not  
annea l  a t  temperatures  below the temperatures  a t  which anneal ing of  
t h e  A c e n t e r  i s  seen in  sample  I1 and i n  o t h e r  s t u d i e s .  The A cen te r  
h a s  on ly  a small e f f ec t  upon the l i f e t i m e  i n  t h i s  m a t e r i a l  due t o  
30 
The h igh  r e s i s t i v i t y ,  and i t s  anneal i s  t h e r e f o r e  n o t  expected t o  be 
seen. The anneal  appears  t o  be complete i n  t h i s  sample a t  about the 
same temperature a s  i n  sample  B2. 
The behavior of the anneal ing i n  the  H2 sample i s  due t o  
poisoning from the  n i c k e l  e l e c t r o d e s ,  which were l e f t  on dur ing  the  
120 and 14OoC annea ls  on ly .  
C .  P-Type F l o a t  Zoned S i l i c o n  
37 1. Pos t  i r r a d i a t i o n  r e s u l t s  
The v a r i a t i o n  o f  r a d i a t i o n  induced l i f e t i m e  wi th  r e c i p r o c a l  
temperature i n  t h i s  c l a s s  of ma te r i a l  i n d i c a t e s  t h a t  recombination 
i s  e i t h e r  due t o  a mul t iva l en t  d e f e c t ,  such as the  divacancy, o r  two 
monovalent d e f e c t s .  The f i r s t  p o s s i b i l i t y  w i l l  be seen t o  be unten- 
a b l e  when t h i s  type o f  m a t e r i a l  i s  compared t o  p-type pul led  m a t e r i a l ,  
and so the resul ts  were analyzed on the  b a s i s  of two monovalent 
d e f e c t s .  
The da ta  sets  f o r  the h ighe r  r e s i s t i v i t y  m a t e r i a l s  i n d i c a t e  
t h a t  one of  the recombination l e v e l s  i s  i n  the  upper h a l f  of the  gap, 
w i th  a l a r g e r  ho le  than e l e c t r o n  c a p t u r e  c r o s s  s e c t i o n .  Figure 6a 
shows r e p r e s e n t a t i v e  da t a  se t s  f o r  the  F and U samples, and the  
parameters f o r  the curves a r e  given i n  Table 5.  I n  F d a t a  sets were 
f i t  b e s t  wi th  T and 7 cons tan t .  I n  the  U ,  and M da t a  sets shown 
i n  F ig .  6b,  7 appeared t o  have a temperature dependence of T , with  
no PO 
n 
no 
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n between 0 and 1. 
from the  conduction band edge. 
I n  a l l  cases  t h e  l e v e l  appeared t o  be about 0.33 e V  
Since annea l ing  of t h e  d e f e c t s  pre-  
vented measurement of the  l i f e t i m e  a t  temperatures  h igh  enough t h a t  
the  l i f e t i m e  increased  exponen t i a l ly ,  t h e  exac t  l e v e l  p o s i t i o n  is 
unce r t a in  by a s  much a s  0.1 eV. 
A second l e v e l  can be seen t o  be  e f f e c t i v e  i n  t h e  E m a t e r i a l .  
The resul ts  from the  h igher  r e s i s t i v i t y  m a t e r i a l s  were used t o  d e t e r -  
mine the parameters f o r  t h e  deep l e v e l ,  which were he ld  f ixed  i n  the 
c a l c u l a t i o n s  determining t h e  shallow l e v e l  parameters .  
on the d a t a  set E5-2-0 and the  combined da ta  sets E4-2-0 and E3-1-0, 
i n d i c a t e  t h a t  t he  shal low l e v e l  is 0.17 e V  from a band edge, w i th  
A2 m 10. The l a t t e r  parameter can be i n t e r p r e t e d  e i t h e r  due t o  a 
l e v e l  near  the  valence band edge wi th  w eB = 1.4,  according t o  Eq. (9) , 
o r  due t o  a l e v e l  t h e  same d i s t ance  from t h e  conduction band edge 
These r e s u l t s ,  
wi th  w e 8 ’  a,/o = 0.1,  according to  Eq. (10). I f  w e’’ i s  assumed 
P 
t o  be 4, then CY /o 
w i l l  be about 2.5. 
i s  approximately 40, whi le  i f  i t  i s  1 /4 ,  CT /o 
P n  P n  
I f  t h e  i n t r o d u c t i o n  r a t e  observed i n  t h e  E samples f o r  the  
0.17 eV l e v e l  i s  assumed t o  hold f o r  the  o t h e r  m a t e r i a l s ,  Eq. (2)  
p r e d i c t s  t h a t  t h i s  l e v e l  w i l l  be unobservable i n  a l l  bu t  the  M samples 
because of t h e i r  h ighe r  resist ivit ies.  
l e v e l  i s  expected t o  c o n t r o l  the l i f e t i m e  except  a t  very low tempera- 
tures ,  where t rapping  a f f e c t s  t h e  measurements. 
I n  t h e  M samples, t h e  0 .3  e V  
I n  c a l c u l a t i n g  the  l i f e t i m e - f l u x  products  T r# f o r  t hese  no 
m a t e r i a l s ,  i t  i s  necessary  t o  spec i fy  temperature on account  of the 
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temperature v a r i a t i o n  of 7 A s l i g h t  c o r r e l a t i o n  between t h e  l i f e -  no' 
t ime-f lux  products  f o r  the 0.3 eV l e v e l  and the  9 micron (oxygen) 
absorp t ion  band i n d i c a t e d  t h a t  the r a t e  formation of t hese  d e f e c t s  was 
g r e a t e s t  i n  the most oxygen f r e e  samples. The l i f e t i m e  f l u x  products  
f o r  the deep l e v e l ,  a t  10 / T  = 3.4, were 700 sec-r.,  70 sec-r, 109 sec-r 3 
f o r  the E ,  M y  and F samples r e s p e c t i v e l y ,  and 47 sec-r f o r  doses  less 
than 10 R ,  and 66 sec-r f o r  a t o t a l  dose of  10 sec - r  i n  the U 7 7 
samples. The l i f e t i m e - f l u x  product of the  0.17 eV l e v e l  i n  t h e  E 
samples was about 40 s e c - r .  
2. Psost-anneal resul ts  
The annea l ing  behavior of  the  samples i s  seen i n  F ig .  7 ,  where 
the  p l o t  of f ,  the  f r a c t i o n  of  the r a d i a t i o n  induced recombination 
r a t e  no t  annealed,  a g a i n s t  temperature i n d i c a t e s  t h a t  i n  the  M and U 
samples t h e  d e f e c t s  do n o t  anneal o u t  below 340°C, and i n  the  M 
sample,  t he  h e a t  t rea tment  has  c rea ted  recombination c e n t e r s .  Negative 
anneal  i n  t h e  E sample i s  ev iden t ,  and i s  probably connected wi th  the 
low temperature  anneal  i n  the U and F m a t e r i a l s ,  i . e . ,  c o n s t i t u e n t s  of 
t h e  d e f e c t  breaking up a t  about 12OoC form recombination c e n t e r s  w i th  
o t h e r  d e f e c t s  i n  t h e  c r y s t a l s .  
The v a r i a t i o n  of l i f e t i m e  i n  t h e  E ,  M ,  and F samples wi th  
temperature  a f t e r  va r ious  anneal ing t r ea tmen t s  i s  shown i n  F ig .  8. 
The E4-2A d a t a  set was taken n ine  months a f t e r  t h e  E4-2 d a t a  
se t ,  a f t e r  a twenty minute, 2OO0C annea l .  The l i f e t i m e  was measured 
a t  room temperature before  the  anneal,  and i t  was seen t h a t  nega t ive  
annea l  had w c u r r e d a t  room temperature,  s i n c e  the  l i f e t i m e  had 
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decreased from 32 t o  18 microseconds during the  n ine  month per iod .  
The sub t r ac t ed  d a t a  sets E4-2A-0 and E4-2A-2 were c a l c u l a t e d ,  and 
were analyzed by computer. The da ta  set E4-2A-0, which should be 
r e l a t e d  t o  a l l  d e f e c t s  p re sen t  a t  t he  end of  t he  annea l  t rea tment ,  
was f i t  by NFZ-1, bu t  the  f i t  was poor and d i d  n o t  g ive  r e s u l t s  
c o n s i s t e n t  w i th  the  preanneal  resu l t s .  
r e f l e c t s  t he  changes i n  the  l i f e t i m e  due t o  the annea l ,  were f i t  w e l l  
w i t h  the  PFZ-1 f i t  t o  g ive  a l e v e l  about  0 .3  e V  from a band edge. 
A very  high temperature dependence o f  -1.7 e V /  K (compared t o  -1 eV/OK 
expected on the b a s i s  of  uniform l e v e l  s h i f t  w i th  con t r ac t ion  of  t h e  
bandwidth), wi th  w = 1 /2  i s  requi red  f o r  a valence band f i t ,  whi le  
f o r  a conduction band f i t  i t  appears  t h a t  the  e l e c t r o n  cap tu re  c r o s s  
s e c t i o n  i s  much l a r g e r  than the  ho le  capture  c r o s s  s e c t i o n ,  e x a c t l y  
oppos i t e  t o  the f ind ings  f o r  t he  r a d i a t i o n  induced l e v e l  seen a t  t h i s  
p o s i t i o n .  
The d a t a  set E4-2A-2, which 
0 
The nega t ive  anneal  seen i n  the  M4 sample i n d i c a t e s  a l e v e l  
about  0.16 e V  from a band edge. 
t o  determine tha  parameter A and hence o b t a i n  information a s  t o  
which band edge the  l e v e l  was nea res t .  
Due t o  t rapping  i t  was n o t  p o s s i b l e  
2 
The F4 d a t a  sets i n d i c a t e  t h a t  i n  t h i s  m a t e r i a l  t he  d e f e c t s  
may annea l  wi thout  c r e a t i n g  any new d e f e c t s ,  s i n c e  the  var ious  d a t a  
sets resemble each o t h e r  s t rongly .  
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D. P-Type Pul led  S i l i c o n  
1. P o s t - i r r a d i a t i o n  resul ts  
The p-type pu l l ed  results curves shown i n  Fig.  9 ,  w i th  para- 
meters l i s t e d  i n  Table 6 ,  i n d i c a t e  t h a t  the  same l e v e l s  seen i n  p-type 
FZ m a t e r i a l  a f t e r  i r r a d i a t i o n  c o n t r o l  the l i f e t i m e  i n  t h i s  m a t e r i a l  
a l s o .  The d i f f e r e n c e  i n  in t roduc t ion  rates between the  two m a t e r i a l s  
f o r  t h e  deep l e v e l  i n d i c a t e s  t h a t  two monovalent d e f e c t s  and not  a 
m u l t i v a l e n t  d e f e c t  such a s  the divacancy c o n t r o l  recombination. The 
much h ighe r  Trio$ products  f o r  the deep l e v e l  (of the o rde r  of 1000 
sec-r) i n  t h i s  m a t e r i a l  a r e  i n  agreement wi th  the conclusion t h a t  the 
presence of oxygen r e t a r d s  the formation of t hese  d e f e c t s .  
The shallow l e v e l  parameters are b e s t  determined by the 
c a l c u l a t i o n s  on sample S2, where the  l i f e t i m e  could be measured 
n e a r l y  to  the  low temperature  l i m i t  T . The r e s u l t s  of  the computer 
c a l c u l a t i o n  can be i n t e r p r e t e d  as  due t o  a l e v e l  0.18 e V  from e i t h e r  
band. 
dependence c l o s e s t  t o  t h a t  p red ic t ed  by t h e  uniformly shr inking  gap 
model i s  assumed t o  be more l i k e l y  c o r r e c t ,  i t  appears  t h a t  w = 2 .  
For a conduction band l e v e l ,  the  e l e c t r o n  capture  c ros s - sec t ion  m u s t  
be much g r e a t e r  than t h e  ho le  capture  c r o s s  s e c t i o n ,  i f  reasonable  
temperature  c o e f f i c i e n t  va lues  a re  t o  be obta ined .  
no 
For a valence band l e v e l ,  weB = 2,2,  and i f  the  temperature  
The d a t a  sets taken on sample 01 ind ica t ed  t h a t  the shallow 
l e v e l  i n  t h i s  m a t e r i a l  was the  same a s  i n  sample S2. Trapping a t  low 
tempera ture ,  and annea l ing  a t  high temperature made t h e  d a t a ,  and hence 
t h e  a n a l y s i s  more u n c e r t a i n  than f o r  S2 .  The anneal ing was of t h e  
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deeper l e v e l ,  which was ind ica t ed  by a decrease i n  the  s lope  of  t he  
l i f e t i m e  a t  high temperatures .  
by the  PP and PFZ-1 programs. 
t o  u s e  the temperature dependence of  the e l e c t r o n  cap tu re  c r o s s  s e c t i o n  
found by Galkin,  e t  a1.2 
t h i s  l e v e l  might be due t o  the  A-center.  For t h e  S2 d a t a  sets no 
d i f f e r e n c e  could be seen between t h e  two f i t s ,  as the  t e r m  d i d  n o t  
c o n t r i b u t e  much t o  the  l i f e t i m e .  However, i n  the  01 d a t a  sets, t h e  
T term was apprec i ab le ,  and the d i f f e r e n c e  between the  two f i t s  can 
be de t ec t ed  i n  Fig.  9a. The parameters f o r  t he  PP f i t s  were those 
determined i n  the  S2 PP f i t s ,  and should be app l i cab le  f o r  a l l  p-type 
m a t e r i a l .  These parameters were e s s e n t i a l l y  those g iv ing  the  capture  
c ros s - sec t ion  dependence of Galkin.  
Both the  S2 and 01 d a t a  sets were f i t  
The PP-1 and PP-2 programs were w r i t t e n  
f o r  the A-center,  s i n c e  i t  appeared t h a t  
no 
16 
The P1 and R2 samples showed t rapping  a t  low temperature ,  
and annea l ing  a t  h igh  temperature such t h a t  t h e i r  d a t a  sets are b e s t  
used t o  q u a l i t a t i v e l y  confirm the conclusions made from the  o t h e r  
p-type d a t a  sets. The f i t s  t o  the P1-1-0 and P2-2-0 do not  agree  wi th  
e a c h  o t h e r ,  b u t  t he  P1-2-0 f i t  agrees  w e l l  w i th  t h e  other  p-type 
resu l t s .  The P1-1-0 results are f e l t  t o  be i n  e r r o r  due t o  us ing  
d a t a  p o i n t s  a t  the  lower temperatures where t rapping  a f f e c t s  the  l i f e -  
t i m e ,  bu t  most probably because not  much change i n  t h e  l i f e t i m e  was 
seen  between the  P1-1 and P1-0 measurements. 
2. Post  anneal  resul ts  
The resu l t s  of  t he  ten  minute i soch rona l  annea ls  a r e  shown 
i n  F ig .  10, and they  i n d i c a t e  t h a t  t he  l e v e l s  i n  t h i s  type of m a t e r i a l  
36 
anneal  much l i k e  t h a t  i n  p-type f l o a t  zoned m a t e r i a l .  The S2 d a t a  
a r e  much l i k e  the  E3 d a t a ,  and the 01 d a t a  resemble t h e  S2 annea l ing  
d a t a ,  w i th  a peak o f  t h e  nega t ive  anneal  a t  200 C. 
t i v e  anneal ing i n  sample P1 occurred a t  12OoC, and a s l i g h t  nega t ive  
anneal  a t  t h a t  temperature i s  a l s o  seen i n  sample 01. No measure- 
ments of t h e  l i f e t i m e  as  a func t ion  of  temperature  were made i n  t h e  
annealed samples, s i n c e  on ly  one sample of each r e s i s t i v i t y  of t h i s  
m a t e r i a l  was used, compared t o  the  s e v e r a l  samples of each r e s i s t i v i t y  
of the o t h e r  types of m a t e r i a l s .  
0 The peak of nega- 
V. DISCUSSION 
A. N-Type M a t e r i a l  
The p o s i t i o n s  of the l e v e l s  and the  annea l ing  behavior of 
t h e  d e f e c t s  s tud ied  i n  t h i s  experiment i n  a l a r g e  v a r i e t y  of  phos- 
phorus doped s i l i c o n  c r y s t a l s  agree w e l l  w i th  those  prev ious ly  r epor t ed .  
- 
The shallow l e v e l  a t  E - 0.17 e V ,  on the  b a s i s  of  previous H a l l ,  1,2,5 
C 
12 38 s p i n  resonance, and i n f r a r e d  absorp t ion  experiments ,  was considered 
t o  be due t o  the Si-A c e n t e r .  Of somewhat g r e a t e r  i n t e r e s t  were the 
deeper  l e v e l s  seen. S u b s t a n t i a l  d i f f e r e n c e  was seen between p u l l e d  
and FZ m a t e r i a l  i n  the l i f e t i m e  r e s u l t s .  
I n  FZ m a t e r i a l ,  a f t e r  i r r a d i a t i o n  t h e  apparent  l i f e t i m e  
- 0.42 e V  was i n  good agreement with the  r epor t ed  l e v e l  p o s i t i o n  of E 
resul ts  of Glaenzer and Wolf,l9 Nakano and Tnuishi ,13 and H i r a t a  e t  a l .  
While the  anneal  of  t h e  l i f e t i m e  seen i n  t h i s  experiment was very  
C 
2 1  
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s i m i l a r  t o  t h a t  r epor t ed  by Nakano and I n u i s h i  the s lope  o f  t he  l i f e -  
t ime-rec iproca l  temperature curves shown i n  t h e i r  paper i n d i c a t e s  a 
much shal lower l e v e l  than Ec- 0.4 e V .  
a t t r i b u t e d  t h i s  to  the  e f f e c t s  of t r app ing ,  i t  i s  more probably the  
resu l t  of  ending measurements a t  a h igh  temperature of 300 K ,  a s  can 
be seen by comparing t h e i r  l i f e t i m e  curves t o  those  f o r  sample L of 
t h i s  experiment,  o r  the  77  ohm cm sample of  Glaenzer and Wolf, a l l  
o f  which have roughly the  same r e s i s t i v i t y .  L5 and Glaenzer and Wolf 
curves  show t h a t  f o r  10 /T = 3.0 the  average s lope  of  t h e  l i f e t i m e  i s  
very  small .  
and i n  both samples found i t  poss ib l e  t o  measure t o  135OC wi th  no 
evidence of  anneal .  
on sample L5, bu t  n o t  w i t h  those f o r  B2, C3, o r  the  samples of  Nakano 
and f n u i s h i ,  and hence i n d i c a t e  t h a t  t h e  exact annea l ing  temperatures  
i n  a g iven  c r y s t a l  depends on o ther  f a c t o r s ,  perhaps d i s l o c a t i o n  
con ten t ,  a s  i s  ind ica t ed  by Nakano e t  a 1  f o r  p-type FZ s i l i c o n .  2o 
d a t a  of  Glaenzer and TJolf were analyzed by the  NFZ-2 program, and the  
r e s u l t s  i n d i c a t e d  t h e  l e v e l  p o s i t i o n s  t o  be s l i g h t l y  deeper than 
r epor t ed  by them by about 0.02 eV. 
Although Nakano and I n u i s h i  
- 
0 
3 
Glaenzer and Wolf a l s o  repor ted  on a 32 ohm c m  sample, 
This  i s  i n  agreement wi th  the  resul ts  of  anneal ing 
The 
When both l i f e t i m e  and H a l l  da t a  are a v a i l a b l e  on t h e  same 
samples,  i t  i s  easier t o  a s c e r t a i n  which h a l f  o f  t he  gap the  l i f e t i m e  
l e v e l s  a r e  i n ,  s i n c e  i f  t he  recombination and H a l l  accep to r s  a r e  
i d e n t i c a l ,  comparison can be made between t h e i r  temperature dependences, 
which depend on the  same parameters.  S a i t o  and Hirata have obta ined  
d a t a  by both methods, 4 y 2 0  and i f  one presumes t o  compare resul ts  f o r  
samples of  n e a r l y  the  same r e s i s t i v i t i e s ,  i t  becomes apparent  t h a t  
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t h e i r  l i f e t i m e  d a t a  a r e  con t ro l l ed  by l e v e l s  i n  the  lower h a l f  of t he  
gap. This  m u s t  be because 1) i o n i z a t i o n  is  n o t  seen i n  t h e i r  46 ohm cm 
m a t e r i a l  f o r  10 /T 2 2.6 (Hal l  s tudy)(nl  << n ), 2) the  l i f e t i m e  i n  
one of t h e i r  50 ohm c m  samples is i n  i t s  h igh  temperature form a t  
3 10 /T = 4.0 (nl >> n 
i s  seen i n  140 ohm cm m a t e r i a l ,  i n d i c a t i n g  the  H a l l  l e v e l  i s  t h e  
3 
0 
f o r  conduction band l e v e l ) ,  and 3) i o n i z a t i o n  
0 
upper h a l f  o f  the  gap. 
be the  one seen by C u r t i s 3 ’  i n  neutron i r r a d i a t e d  m a t e r i a l .  
The l e v e l  seen by H i r a t a  e t  a 1  could poss ib ly  
I n  the  
p re sen t  s tudy ,  the temperature dependences of the l i f e t i m e  and of t he  
H a l l  c o e f f i c i e n t  were seen t o  be the  same i n  a l l  ca ses  (By C y  and T 
m a t e r i a l s ) .  
The hole  capture  c ross  s e c t i o n  va lues  r epor t ed  h e r e i n  a r e  
f e l t  t o  be supe r io r  t o  those prev ious ly  r epor t ed  f o r  s eve ra l  reasons .  
The value of  Glaenzer and Wolf (9 x 10 cm ) was obta ined  using the  
in t roduc t ion  r a t e s  of S a i t o  e t  a l Y 4  and the  va lue  of Nakano and 
I n u i s h i  (5 x l O - l 4 c m 2 )  were obta ined  wi th  the  u s e  of l i f e t i m e  d a t a  
t h a t  d i d  not  c l e a r l y  show the  value of  T f o r  t he  deep l e v e l .  The 
value of H i r a t a  e t . a l  (1.1 x 10-13cm2) should perhaps be b e t t e r  than 
-14 2 
PO 
t h e  o t h e r s  s i n c e  i t  was obtained from H a l l  and l i f e t i m e  measurements 
taken a t  the same l abora to ry ,  and perhaps on the  same c r y s t a l s .  
However, t he  unusual temperature behavior of t h e i r  d a t a  makes i t  
u n l i k e l y  t h a t  t he  capture  c ross  s e c t i o n  measured is  f o r  t h e  E c e n t e r .  
The p resen t  va lues  of 2 .5  and 5.2 x 10-14cm2, a r e  the re fo re  f e l t  t o  
be more accu ra t e .  Since i t  appears probable t h a t  a t  l e a s t  two types 
o f  d e f e c t s  wi th  l e v e l s  a t  about t he  same p o s i t i o n  a r e  involved,  t h e  
value obta ined  i s  thus  an  average over  a l l  o f  the  deep levels.  It i s  
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t he re fo re  p e r t i n e n t  t o  note  a t  t h i s  po in t  t he  hole  cap tu re  c r o s s  
s e c t i o n  va lue  of  the  deep l e v e l  i n  the  T m a t e r i a l  o f  8 X 10 
which i s  about  1/3 of the  value f o r  FZ m a t e r i a l .  
duc t ion  ra te  of  deep c e n t e r s  i n  the T sample a s  c h a r a c t e r i s t i c  of  
t he  second deep leve l ,  the  cor rec ted  va lue  o f  t he  ho le  capture  c r o s s  
s e c t i o n  i n  the  comparable FZ m a t e r i a l ,  C, i s  increased  only  by about 
10%. 
-15 2 
cm , 
Using t h e  i n t r o -  
The las t  f e a t u r e  worthy o f  no te  i n  FZ m a t e r i a l  i s  t h e  crer 
a t i o n  of  d e f e c t s  wi th  energy l e v e l s  a t  Ec - 0.23 e V  by anneal  of the  
E c e n t e r s ,  seen i n  the  d a t a  set C4-4A2-0. 
seen  i n  the  H a l l  e f f e c t  by Sonder and TempletonY2 but  no t  i n  l i f e t i m e  
Th i s  has  prev ious ly  been 
s t u d i e s .  
The pu l l ed  n-type results a l s o  i n d i c a t e  recombination l e v e l s  
a t  Ec - 0.17 e V  and a t  about Ec - 0.4 eV i n  a l l  samples. 
results on samples I4 and T7 i n d i c a t e  t h a t  i n  sample 14, E c e n t e r s  as 
The anneal ing 
w e l l  a s  t h e  o t h e r  c e n t e r  w i th  a deep l e v e l  were formed. An i n d i c a t i o n  
o f  annea l ing  of  t he  E centers was seen ,  i n  c o n t r a s t  t o  sample T7, 
where e s s e n t i a l l y  no anneal  took p lace  below 30OoC. The specu la t ion  
t h a t  t h e  d e f e c t  i n  sample T7 was the  divacancy i s  con t r ad ic t ed  t o  some 
14 
e x t e n t  by the  divacancy annea l  da ta  r epor t ed  by Watkins and Corbe t t ,  
who found t h a t  the divacancy annealed i n  FZ m a t e r i a l  a t  temperatures  
somewhat (5OoC) higher  than  i n  pul led  material .  This  is  the  r eve r se  
o f  t he  behavior observed i n  t h i s  experiment f o r  t h e  h igh  temperature 
annea l ing  o f  t he  deep l e v e l .  
i 
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The l e v e l  a t  E + 0.27 e V  r epor t ed  i n  low r e s i s t i v i t y  
V 
17 e l e c t r o n - i r r a d i a t e d  material  repor ted  by Wertheim15 and by Baicker 
was no t  seen ,  which sugges ts  i t  is r e l a t e d  t o  some impuri ty  present  
i n  t h e i r  material  bu t  no t  i n  m a t e r i a l  used by Glaenzer and Wolf, o r  
i n  t h i s  i n v e s t i g a t i o n .  
B .  P-Type M a t e r i a l  
The p rev ious ly  repor ted  l i f e t i m e  r e s u l t s  i n  p-type m a t e r i a l  
do n o t  c o r r e l a t e  w e l l  w i th  one another , H a l l  e f f e c t ,  o r  photoconduct ivi ty  
results. - 0.18 e V  
i n  5 ohm cm e l e c t r o n - i r r a d i a t e d  m a t e r i a l ,  and a H a l l  donor l e v e l  a t  
Ev + 0.27 e V .  
p re sen t  computer a n a l y s i s  i n d i c a t e s  t he  recombination l e v e l  was most 
probably a t  Ev + 0.25 e V ,  i n  f a i r  agreement w i t h  h i s  H a l l  measurements. 
Baicker17 r epor t ed  recombination l e v e l s  i n  1 t o  2 ohm cm e l e c t r o n  
i r r a d i a t e d  m a t e r i a l  t o  be a t  E + 0.18 e V  i n  both pu l l ed  and FZ 
m a t e r i a l .  H i s  experimental  technique enabled him t o  s tudy  the  l i f e -  
t i m e  as a func t ion  of  i n j e c t i o n  l e v e l ,  6p/po, where 6p i s  t h e  d e n s i t y  
o f  excess  carriers. H i s  resul ts  i n d i c a t e  t h a t  t h i s  l e v e l  i s  d e f i -  
n i t e l y  i n  the  lower h a l f  of t he  gap, and n o t  t he  A-center,  a s  Wertheim 
had supposed h i s  l e v e l  a t  Ec - 0.18 e V  t o  be.  The d a t a  f o r  Baicker’s 
N341 sample was analyzed by t h e  PFZ-1 program, and i t  w a s  found t h a t  
Wertheim15 repor ted  a recombination l e v e l  a t  E 
C 
Re-evaluation of  h i s  publ ished l i f e t i m e  da ta  by the  
V 
t h e  d i f f e r e n c e  between A2 and ln[NV(10 3 /T)-1’5/Nat] , which w i l l  be 
e ” / w  f o r  a valence band l e v e l ,  was the  same as  determined f o r  t h e  
sample S2 i n  t h i s  experiment,  i n d i c a t i n g  t h a t  t he  l e v e l s  seen by 
. 
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Baicker i n  low r e s i s t i v i t y  ma te r i a l  a r e  the  same a s  seen i n  similar 
material  i n  t h i s  s tudy.  
Nakano e t  a120 repor ted  recombination l e v e l s  a t  E + 0.21 e V  
V 
f o r  p u l l e d  mater ia l ,  and a t  E + 0.27 eV f o r  FZ material .  However, 
a n a l y s i s  of t h e i r  publ ished d a t a  i n d i c a t e s  a l e v e l  0.06 e V  from a 
band edge,  a f t e r  a c o r r e c t i o n  i s  made f o r  the  temperature v a r i a t i o n  
o f  the  d e n s i t y  of  s t a t e s  of t he  valence band, w i th  the  change from 
low temperature t o  high temperature behavior occurr ing  a t  h igher  
temperatures  as  the  t o t a l  dose increased .  Since they  used heavy 
doses ,  t h i s  e f f e c t  i s  i n  accord wi th  the  p r e d i c t i o n s  of  Wertheim and 
Sandi ford ,  bu t  even so, the  s lope o f  t h e  l i f e t i m e  a t  h igh  temperature  
should g ive  the  l e v e l  p o s i t i o n  c o r r e c t l y .  Disregarding t h e  l e v e l  
p o s i t i o n s  r epor t ed  by Nakano e t  a t ,  t h e i r  l i f e t i m e  annea l ing  resul ts  
a r e  i n  good agreement wi th  t h e  present  resu l t s ,  showing a nega t ive  
annea l  a t  about 22OoC i n  a l l  pu l led  samples. I n  t h e i r  FZ samples,  
evidence of p a r t i a l  anneal ing a t  low temperatures  was a l s o  seen.  
Th i s  sugges ts  t h a t  t he  same l e v e l  was indeed observed i n  both cases ,  
b u t  t h a t  t h e  l e v e l  p o s i t i o n s  r epor t ed  by Nakano e t  a1 were probably 
i n  e r r o r .  
d e n t a l ,  w i th  d i f f e r e n t  d e f e c t s  involved i n  t h e  two s t u d i e s .  
V 
Of course ,  t h e  s i m i l a r i t y  i n  anneal ing might be co inc i -  
The most r e c e n t  r e p o r t  on l i f e t i m e  i n  p-type mater ia l ,  
H i r a t a  e t  a l Y 2 l  professed  t o  see  recombination i n  both p u l l e d  and FZ 
m a t e r i a l  occur r ing  through A cen te r s .  Their  l e v e l  p o s i t i o n s  were 
obta ined  by measuring t h e  s lope  of l i n e s  drawn through the  h igh  
temperature  p o s t - i r r a d i a t i o n  da ta .  The l i f e t i m e  resu l t s  f o r  t h e i r  
FZ c r y s t a l  show t h a t  the  pre- and p o s t - i r r a d i a t i o n  l i f e t i m e s  converge 
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a t  high temperature ,  and hence a co r rec t ion  m u s t  be made f o r  t he  pre- 
i r r a d i a t i o n  l i f e t i m e .  When t h i s  co r rec t ion  i s  made, a l e v e l  p o s i t i o n  
about 0.3 e V  from a band edge i s  found f o r  t h e  d e f e c t  i n  t h i s  m a t e r i a l .  
Analysis  o f  the  parameters i n d i c a t e s  t h a t  i t  i s  more l i k e l y  nearer  t h e  
valence band, and hence i s  un l ike  any l e v e l s  seen i n  t h i s  experiment.  
The r e s u l t s  of Hirata e t  a 1  on pul led  m a t e r i a l ,  a f t e r  c o r r e c t i o n  f o r  
the  p r e - i r r a d i a t i o n  l i f e t i m e  , i n d i c a t e  a l e v e l  near  t he  conduction 
band, bu t  somewhat shal lower (E - 0.12 e V )  than t h e  A cen te r .  It 
thus  appears  t h a t  t he  A c e n t e r  i s  n o t  seen i n  p-type m a t e r i a l ,  but  
t h a t  a l e v e l  a t  about E + 0.18 eV i s  o f t e n  seen.  
C 
V 
Since Whan4' has  shown t h a t  the  A c e n t e r  i n t roduc t ion  ra te  
i s  probably less i n  p-type than i n  n-type material  and s i n c e  the  
7 r a t i o  i s  much l a r g e r  than one f o r  t he  A c e n t e r ,  i t  would be 
expected t o  be less e f f e c t i v e  than the  recombination l e v e l s  a t  E + 
0.18 e V  i n  c o n t r o l l i n g  the  l i f e t i m e .  Hence t h e  presence of  A c e n t e r s  
would be masked by the  o t h e r  d e f e c t s .  
V 
Also,  i f  the  recombination l e v e l s  seen i n  p-type m a t e r i a l  
a r e  r e l a t e d  t o  the  boron concent ra t ion ,  then  these  l e v e l s  would no t  
be observed i n  n-type m a t e r i a l .  
f o r  n-type material ,  t he  level a t  Ev + 0.18 e V  would be due t o  a 
d e f e c t  comprised of oxygen, boron, and perhaps i n t e r s t i t i a l s  o r  
vacancies ,  whi le  t he  l e v e l  a t  Ec - 0 . 3  e V  would be due t o  d e f e c t s  
i nvo lv ing  boron and i n t e r s t i t i a l s  o r  vacancies .  
By analogy wi th  the  models proposed 
Comparison of  t h e  l i f e t i m e  resul ts  t o  the  H a l l  e f f e c t  
results on p-type m a t e r i a l  i n d i c a t e s  t h a t  t he  major H a l l  donor l e v e l s  
a t  E + 0.21 and E + 0.28 eV seen by most i n v e s t i g a t o r s  are not  
V V 
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a c t i v e  i n  the  recombination process ,  bu t  t h a t  the H a l l  Ev + 0.18 eV 
l e v e l  seen a f t e r  anneal ing i s  probably the recombination l e v e l  seen 
i n  pu l l ed  and low r e s i s t i v i t y  FZ m a t e r i a l .  
V I .  SUMMARY 
1) The recombination l e v e l s  i n  n-type S i  appear t o  be 
the  A c e n t e r ,  t he  E c e n t e r ,  and another  deep l e v e l  a t  about  Ec - 
0.4 e V .  The d e f e c t  respons ib le  f o r  t he  l a t t e r  l e v e l  could be the  
divacancy. The i n t r o d u c . r a t e  of t he  A c e n t e r  and of t he  d e f e c t  w i th  
l e v e l  a t  Ec - 0.4 e V  i s  n e a r l y  independent of the  m a t e r i a l .  
c e n t e r  i n t r o d u c t i o n  r a t e  i s  dependent upon the  phosphorus and oxygen 
concen t r a t ions .  
The E 
2 )  The capture  c r o s s  s e c t i o n s  of  t he  two deep l e v e l s  f o r  
h o l e s  were found t o  be 8 x 10-15cm2 f o r  t he  suspected divacancy, and 
between 2.5 and 5 x l O - l 4 c m 2  f o r  t he  E c e n t e r .  
3)  The recombination c e n t e r s  i n  p-type m a t e r i a l  were found 
t o  be a t  E N o  c o r r e l a t i o n s  wi th  acceptor  
concen t r a t ions  could be made f o r  t h e  shallow l e v e l .  The in t roduc t ion  
r a t e  f o r  t he  deep l e v e l  was q u i t e  s e n s i t i v e  t o  the  concent ra t ion  of 
oxygen. 
+ 0.18 e V  and Ec - 0 . 3  e V .  
V 
4) The e f f e c t  o f  oxygen i n  the  l i f e t i m e  p-type gamma i r r a -  
d i a t e d  s i l i c o n  i s  t h e  same a s  t h a t  seen previous ly  i n  n-type ma te r i a l .  
I n  oxygen conta in ing  m a t e r i a l  the dominant l e v e l s  induced a t  room 
temperature  by gamma i r r a d i a t i o n  are those loca ted  c lose  t o  a band 
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edge, while  i n  FE s i l i c o n  t h e  dominant l e v e l s  are deeper i n  the 
gap 
5)  Annealing a t  25OoC was found t o  remove t h e  E c e n t e r s  i n  
n-type m a t e r i a l ,  and t o  in t roduce  recombination l e v e l s  a t  E - 0.23 eV. 
C 
6 )  Annealing i n  p-type FZ m a t e r i a l  was found t o  remove the  
- 0.3 e V  l e v e l s ,  and t o  introduce o t h e r  l e v e l s .  I n  some m a t e r i a l  
E C  
anneal ing introduced l e v e l s  a t  Ec - 0.3  e V  which had a r a t i o  of 
cap tu re  c r o s s  s e c t i o n s  oppos i t e  to t h a t  o f  t he  l e v e l s  annealed o u t ,  
whi le  i n  o t h e r  m a t e r i a l  l e v e l s  0.18 eV from a band edge were i n t r o -  
duced, and i n  s t i l l  o t h e r  m a t e r i a l ,  no l e v e l s  were introduced by t h e  
annea l .  
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Sample Code 
B2 
B3 
L3 
L5 
c1 
c3 
c4 
C6  
H1 
H2 
T4 
11 
I4 
T7 
E3 
E4 
E5 
M3 
M4 
F 3  
F4 
u1 
u2 
s2 
01 
P1 
R2 
Table 1 
P r e - I r r a d i a t i o n  Sample C h a r a c t e r i s t i c s  
t 
M a t e r i a l  
C las s  
nFZ 
I 1  
11 
11 
11 
11 
11 
I1  
nP 
11 
11 
I 1  
I t  
11 
PFZ 
11 
11 
11 
I t  
11 
11 
11 
II 
PP 
I 1  
I 1  
I t  
nFZ: n-type f loa t -zoned  
pP: p-type pu l l ed  
D: Dupont 
R e s  i s t i v i  t y  
(0 hm- cm)  
18 
18 
70 
68 
180 
137 
139 
192 
25 
26 
79 
220 
220 
47 5 
24 
25 
25 
71 
73 
222 
238 
1160 
1160 
11 
32 
50 
250 
P r e - I r r a d i a t i o n  
l i f e t i m e  (psec)  
30 
24 
56 
52 
155 
2 07 
200 
180 
26 
34 
47 0 
5 20 
87 
290 
200 
27 0 
2 60 
105 
98 
90 
133 
107 
125 
110 
260 
37 
51 
Suppliier 
D 
D 
M 
M 
D 
D 
D 
D 
D 
D 
M 
D 
D 
M 
D 
D 
D 
M 
M 
D 
D 
S 
S 
M 
M 
M 
S 
Notes 
1Y2 
3Y4 
3Y4 
2 93 
3 
3Y5 
2Y3Y6 
7 
7 
3 
3Y4 
1Y3 
193 
nP: n-type pu l l ed  PFZ: p-type f l a a t  zoned 
M: Monsanto S: Semi-elements I n c .  
1. s t r o n g  i n j e c t i o n  l e v e l  e f f e c t s  seen  5. t h i n  (1.4mm) sample 
2. a x i a l  c u t  c r y s t a l  6. l a t e r a l  r e s i s t i v i t y  
3. long t i m e  cons t an t  t r a p s  g r a d i e n t s  
4. l a r g e  minor i ty  c a r r i e r  t r a p  concent ra t ion  7. seve re  l i f e t i m e  g r a d i e n t s  
t a t  r o w  temperature 
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Table 2 
Radiat ion History of  Samples Used 
* 
Data S e t  
B 2 - 1  
B3-1 
B3-2 
C1-A1 
C3-1 
C4- 1 
C4- 2 
c4: 3 
c4-4A 
C6- 1 
C6-2 
C6-3 
E3-1 
E4- 1 
E4- 2 
E5- 1 
E5-2 
F3- 1 
F3-2 
F3-3 
F3-4 
F4- 1 
H1- 1 
H2-1  
H2-2 
11-1 
11-3 
To ta l  Dose 
(106 Roentgens) 
.2 
.1 
.2 
3 
.1 
.2 
.4  
.8 
10 
. 2  
.4  
.8 
4 
2 
4 
2 
20 
2 
4 
9 
18 
2.5 
5 
2 
4 
1 2  
20 
~~ 
* 
Data S e t  
14- 1 
14-2 
L3- 1 
L3-2 
L5-1 
L5-2 
M3- 1 
M4- 1 
01- 1 
01-2 
P1-1 
Pl-2 
R1- 1 
R2-2 
s1-1 
s1-2 
SI - 3 
T4- 1 
T4- 2 
"7-1 
T7 -2 
u1- 1 
u1-2 
u2-1 
u2-2 
Tota l  Dose 
(106 Roentgens) 
5 
10 
.2 
.4  
.1 
.2 
2 
1 
2.5 
5 
5 
10 
11 
20 
2 
. 4  
.9 
2.5 
<, 5 
2 .5  
5 
2.5 
5 
5 
10 
"Sample i s  denoted by f i r s t  l e t te r  and number. 
denotes number of i r r a d i a t i o n ,  
Second number 
Code 
PFZ- 1 
PFZ-2 
PFZ-3 
NFZ- 1 
NFZ-2 
NFZ-3 
Table 3 
List of Computer Fits 
Formula 
103 -1.5 lo3 
7 = Po(A1,A2,A3) = Al*[ 1 + ( ~ )  *exp(A2-11.6*(~)*A3)] 
A -1.5 
3 4 
7 = A1+(10 3 /T) *exp (A2- 11.6* (10 / T)*A3) 
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PP- 1 
- 
PP- 2 
NI- 1 
Table 3 (continued) 
T = P2(P) = A1*(l+exp(A4-A5*(10 3 /T) 
+ (10 3 /T)*exp(A2-11.6*A3*(10 3 /T)) 
PdrQ P = Po(P), Q = P2(Q) 
= PkQ 
A1*(n(A4)+A2*(103/T)-1'5*exp(47. 1-11. 6*(103/T)*A3)) 
I - =  
Cn(A4) + P(A4)l 
with [n(A4+p(A4)] = 
14.04*(103/~) 
103/T)-3exp(38. 63- 
) 1/2 
Data' Se t  
B2-1-0 
B3- 1-0 
B3-2-0 
L3-1-0 
L3-1-2 
L3-2-0 
L5-1-0 
L5-1-2 
L5-2-0 
L5-2-0 
C3-1-0 
C4-1-0 
C4-1-2 
C4-2-0 
C4-2-0 
C4-3-0 
c4- 4A2 - 0 
C6-1-0 
C6-2-0 
C6-2-3 
C6-3-0 
Table 4 
Computer Parameters for  n-type Float-Zoned S i l i c o n  
8.33 
23.75 
10.85 
8.33 
9'. 72 
4.38 
23.04 
19.87 
10.0 
5.52 
28.35 
12.78 
16.54 
7.07 
6.87 
3.64 
12.2 
12.24 
7.59 
8.86 
4.04 
14.00 
14.22 
14.63 
16.16 
16.64 
17.96 
14.78 
15.09 
15.30 
15.59 
14.79 
15.23 
16.72 
15.61 
15.55 
15.43 
17.07 
15.22 
16.09 
17.65 
16.37 - 
. .378 . 40e 
.402 
,427 
.454 
.487 
.40 
.412 
.416 
.420 
.367 
.383 
.422 
.391 
.389 
.396 
.461 
.350 
.408 
,461 
.419 
Ala (Q) 
.0178 
.0207 
.0094 
.070 
.040 
.030 
.0016 
.126 
.117  
.051 
.268 
.037 
.147 
.295 
.137 
.053 
- 
12.58 
f 
f 
f 
f 
f 
f 
f 
15.30 
f 
f 
f 
f 
15.57 
f 
f 
d3 (Q) 
. .089 
. lo6 
.112 
. 1 7 1  
.18 
.21 
. l o 3  
.151 
.1&6 
.174 
.130 
.078 
.174 
.165 
.181 
.225 
F i t  
NFZ- 1 
NFZ-2 
NFZ- 2 
NFZ-2 
NFZ-2 
NFZ-2 
NFZ-2 
NFZ-2 
NFZ- 1 
NFZ- 3 
NFZ - 2 
NFZ-2 
NFZ-2 
NFZ-1 
PFZ- 1 
NFZ-2 
NFZ-2 
PFZ- 1 
PFZ- 1 
PFZ- 1 
PFZ-1 
C 
13.5 
13.5 
13.5 
14.95 
14.95 
14.95 
14.95 
14.95 
14.95 
14.95 
15.55 
15.55 
15.55 
15.55 
15.55 
15.55 
15.55 
15.85 
15.85 
15.85 
15.85 
- 
1.66 
2.37 
2.16 
1.67 
1.94 
1.75 
2.31 
1.99 
2.00 
2.84 
2.52 
3.30 
2.83 
2.75 
2.91 
1 .22  
2.45 
3.04 
3.54 
3.23 
t 
a )  
b) Energy l e v e l  s epa ra t ion  from nea res t  band edge, i n  e V .  
c )  
d) 
e)  
f )  
Tpo f o r  NFZ-1,  NFZ-2, PFZ-1 c a l c u l a t i o n s  P i s  f o r  deep level ,  Q f o r  shallow. 
4 0  = In  [ Nc ( 103/T)' 5/Nd' 3 
Produ'ct of A1(P) and n e t  flux in r.. 
Parameter no t  va r i ed  i n  ca l cu la t ion .  
A2(Q) held equal t o  A2(P) during c a l c u l a t i o n  
' ' .  
Data S e t  
E4-2-0 
E3-1-0 
E5-2-0 
E4-2A-2 
M3-1-0 
F3-1-0 
F3-2-0 
F3-4-0 
F4- 1- 0 
F4-Al- 0 
F4-Al-A2 
u2-1-0 
u2-2-0 
Table 5 
Computer Parameters f o r  B-Doped FZ S i l i c o n  
~ 
183 
32.8 
4.84 
11.52 
35.7 
2 1 . 1  
5.38 
65.7 
85.8 
L06.1 
15 .O 
5.66 
A2 (PI 
- 
* 
10.8 
8.4* 
14.09 
10.97 
11.07 
10.57 
9.06 
13.70 
10.78 
10.83 
12.57 
12.44 
- 
b 
i3 (PI 
.46* 
.30* 
.292 
.33 
.311 
.302 
.250 
.40 
.307 
.306 
.328 
.318 
A1 (Q)a 
9.71 
2 .18  
A2 (Q) 
- 
10.18 
9.79 
.178 
.170 
F i t  
NFZ- 1 
NFZ- 1 
PFZ- 1 
PFZ-2 
PFZ-1 
PFZ- 1 
PFZ-1 
PFZ- 1 
PFZ- 1 
PFZ- 1 
PFZ- 1 
- 
C 
A20 
11.4 
11.4 
11.4 
1 2  e 65 
13.6 
13.6 
13.6 
13.6 
13.6 
13.6 
15.4 
15.4 
A4 
a )  A1 = 7 f o r  PFZ-1, NFZ-1 ca lcu la t ions .  AI = T (103/T) for PFZ-2 no no 
f i t s .  
b )  Energy l e v e l  separa t ion  from nea res t  band edge i n  eV. 
c, A20 = ln[Nv(103/T)1*5/Na']. 
d) Combined da ta  sets. 
*Parameter held constant  during c a l c u l a t i o n .  
Table 6 
Computer Parameters for  B-Doped Pul led  S i l i c o n  
a )  
b) Azo = ln[Nv(103/T)1*5/Na'] 
Energy l e v e l  s epa ra t ion  from n e a r e s t  band edge i n  e V .  
*Parameter he ld  cons tan t  during c a l c u l a t i o n .  
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FIGURE CAPTIONS 
Fig .  1. Radia t ion  induced l i f e t i m e  versus  r e c i p r o c a l  temperature  i n  P 
doped f loat-zoned (FZ) S i .  Curve parameters  are  given i n  Table  
4. Sample h i s t o r i e s  and c h a r a c t e r i s t i c s  f o r  a l l  samples a r e  
given i n  Tables  1 and 2 .  (a) 18 6hm-cm (B) and 68 ohm-cm (L) 
m a t e r i a l .  (b) 140 ohm-cm mate r i a l .  
F ig .  2 .  L i fe t ime anneal ing func t ion  f ( s ee  Eq. (15) ) ver sus  temperature  
of anneal ing f o r  10 minute i sochronal  annea ls  of P doped FZ S i .  
The e r r o r  b a r s  on t h i s  and s i m i l a r  f i g u r e s  i l l u s t r a t e  t h e  
es t imated  l i m i t s  of  e r r o r  a t  s e l e c t e d  p o i n t s .  
F ig .  3 .  Temperature dependence of the d e f e c t  induced l i f e t i m e  i n  annealed 
P doped FZ S i .  Curve parameters are given i n  Table  4 .  B 3  
annea l ing  condi t ions :  1 h r .  a t  140OC. C 4  annea l ing  condi t ions :  
13 h r .  a t  1 4 5 O C  followed by 20 min. a t  25OoC. 
F ig .  4.  Temperature dependence of  the d e f e c t  induced l i f e t i m e  i n  P doped 
pu l l ed  S i .  (a) Radia t ion  induced l i f e t i m e  i n  25 ohm-cm (H) and 
79 ohm-cm (T4) m a t e r i a l .  
t o  t h e  d a t a  s e t  H1-1-0, with T = T~ + T~ , where T, and T 
are PFZ-1 func t ions  whose parameters,  a s  w e l l  a s  those f o r  t he  
T4 curve,  a r e  given i n  t h e  t ex t .  (b) 220 ohm-cm mater ia l .  The 
I 4  curves and the  11-1-3 curve show t h e  r a d i a t i o n  induced l i f e -  
t i m e  f o r  t h e  doses  given i n  Table  2. The curve parameters  f o r  
t he  I 4  curves are given i n  the  t e x t .  The 11-3A-3A2 d a t a  s e t  
i n d i c a t e s  t h e  change of l i f e t i m e  due t o  a 6 h r .  anneal  a t  250 C .  
The curves labe led  T ,  T ~ ,  and T~ r e l a t e  
-1 -1 - '1 
& 2 
0 
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Fig .  5. Li fe t ime anneal ing func t ion  f versus  temperature o f  anneal  f o r  
10 minute i sochronal  anneals  i n  P doped p u l l e d  S i .  Sample H1 
was inadve r t en t ly  destroyed a f t e r  the 200 C annea l .  
0 
Fig .  6 .  Temperature dependence of the r a d i a t i o n  induced l i f e t i m e  i n  B 
doped FZ S i .  Curve parameters a r e  given i n  Table 5 .  ( a )  225 
ohm-cm (F) and 1160 ohm-cm (U) materials. (b)  25 ohm-cm (E) 
and 72 ohm-cm (M) m a t e r i a l s .  
Table 5 .  
Curve parameters  a r e  given i n  
F ig .  7 .  L i fe t ime anneal ing func t ion  f versus  temperature  of  anneal  f o r  
i sochronal  annea ls  of B doped FZ S i .  
min. a t  each temperature ,  and a l l  o t h e r s  were annealed 10 min. 
a t  each temperature .  
Sample M 3  was annealed 20 
F ig .  8. Temperature dependence of t he  d e f e c t  induced l i f e t i m e  i n  
annealed B doped FZ S i .  Annealing condi t ions :  E4, 20 min. a t  
200 C; M4, i n  s i t u  anneal  dur ing  l i f e t i m e  measurement wi th  
a maximum temperature of 118 C ;  F4, i n  s i t u  annea l ,  maximum 
temperature 127OC f o r  the F4-A1-0 d a t a  s e t ,  135OC f o r  the  
F4-Al-A2 d a t a  set .  
0 
0 
Curve parameters a r e  g iven  i n  Table 5.  
F ig .  9 .  Temperature dependence of  t h e  r a d i a t i o n  induced l i f e t i m e  i n  B 
doped pu l l ed  S i .  Curve  parameters a r e  given i n  Table 6 .  ( a )  
11 ohm-cm (S) and 32 ohm-cm (0) m a t e r i a l s .  S2-1-0 c u r v e s  f o r  
PFZ-1 and PP-1 f i t s  a r e  i n d i s t i n g u i s h a b l e .  So l id  01-2-0 curve 
i s  f o r  NFZ-1  f i t ,  dashed f o r  PP-2 f i t .  (b) 50 ohm-cm (P) and 
250 ohm-cm (R) ma te r i a l s .  
F i g . l O .  Li fe t ime annea l ing  funct ion f versus  temperature  of anneal  f o r  
10 minute i sochronal  annea ls  i n  B doped pul led  S i .  
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